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EVALUATION  OF  ALTERNATIVE  PROCEDURES  FOR 
ATMOSPHERIC  AHSORPTION  ADJUSTMENTS 
DURING  NOISE  CERTIFICATION 


VOLUMI  I :  ANALYSES  AND  Rl.Stll  iS 

1.  INTRODUCTION 

To  certify  the  noise  of  an  aircraft,  tl>e  only  approved  procedure  for 
adjusting  measured  sound  pressure  levels  for  differences  between  atmospheric 
absorption  under  test  and  acoustical-reference  conditions  uses  the  method  in 
the  Society  of  Automotive  Engineers  (SAP.)  Aerospace  Recommended  Practice  ARP866A 
for  calculating  atmospheric  sound  absorption  coefficients.  That  atmospheric- 
absorption  model  was  developed  by  the  SAP  A-21  Committee  in  1962  and  1963  and 
publisluHl  ill  1964.  It  was  re-issued  in  1975  as  AKP866a'  and  is  used  to  adjust 
from  test- 1  u- refi'ri'tu'e  eoiulilions  in  Part  36  of  tlie  federal  Aviation  Regulations 
(I'AICUi'l  and  In  Annex  16  to  the  International  Standards  and  Recommended  Practices 
of  the  I  r.Lernat  ionai  Civil  Aviation  Organization.  AI<P866A  is  also  incorporated 
in  international  Standard  IS  3891  as  part  of  the  procedure  recommended  by  the 
international  Stand.ards  Organization  for  describing  noise  around  an  airport. 

The  American  National  Standard  Method  for  the  Calculation  of  the  Absorption 
of  Sound  by  the  Atnios|ihere ,  ANSI  SI. 26-1978,^  was  published  in  1978.  It  contains 
a  scries  of  e(|ualions  that  permit  calculation  of  the  atmospheric  sound  absorption 
coefficient  Cor  a  pure-tone  sound  with  a  frequency  between  40  and  1,000,000  Hz 
(at  an  air  pressure  of  one  standard  atmosphere).  The  equations  are  stated  to 
be  .ipplicahle  for  air  temperatures  between  0°  and  40''  C,  relative  humidities 
between  10  and  100  percent ,  .and  air  pressures  less  than  2  atmospheres.  I’he 
analytical  expressions  th.at  form  tlie  basis  for  the  calculation  method  were 
validated  by  laboratory  ti'sts^  over  a  wide  range  of  atmospheric  conditions 
and  f  rec|uenc.  ies ,  st)ec  i  f  ica  1  ly  frequencies  from  4000  to  100,000  Hz  at  1/12- 
octave  intervals,  temperatures  from  -17.8®  C  to  +37.8°  C  at  5.6°  C  intervals, 
and  relative  humidities  from  0  to  100  percent  at  10-percentage-polnt  intervals. 

The  .analytical  model  Ic  ARI’866A  for  atmospheric  absorption  is  b.ist.'d  on  air¬ 
craft  flyover  noisC'  data  and  .in  earlier  and  loss-com|)l ete  theoretical  understand- 


Ing  ol'  the  various  pliysioal  moehaolsins  lliaa  the  aiialytioal  nu'ilol  in  ANSI  Sl..’.h. 
in  ARP866A  tht?  analytical  modcU  is  applied  to  hroadhand  sound  spectra  analvc.ed 
by  l./3-or  1  /  l-octave.-l)aMd  filters  without  rep.ard  for  spectral  shape  or  propaj'.a- 
tion  distance.  Attenuation  over  a  palhli'n)>,lli  is  I'alculateil  hy  determi  n  i  nc,  an 
ihsoriition  coeff  1  c.ituit  (at  a  particular  rre(|uency)  .and  nui  1 1  i  p  1  y  i  ti)^  hy  the  dis¬ 
tance.  'I'he  nominal  hand  center  f retpiency  is  used  for  calculations  at  center 
freciuoncles  co  4000  Hz.  To  allow  for  the  rapid  hi rH- frequency  spectral  rolloff 
rate  often  encountered  in  measurements  of  aircraft  noise,  absorption  coefficients 
for  1/3-octavo,  hands  with  center  frequencies  from  5000  to  10,000  hz  are  calculated 
using  the  nominal  lower  bandedge  frequency  for  those  bands. 

Section  5  of  ANSI  S1.2h-1978  provides  p.eneral  guldanci’  on  how  to  apply  tlic 
pure-tone  calculation  inetluHl  of  the  St.aiulard  tc/  the  problem  of  ca  1  c.u  1  a  1 1  nj',  the 
absorption  loss  I'xper i enciul  by  a  sound  with  energy  distributed  over  ii  wide  fre¬ 
quency  range  and  analyzed  by  f raet ioua l-octave-band  filters.  It  recommends 
evaluation  of  a  pali‘  of  Integrals  over  a  range  of  frc(|uency  for  eacli  bund.  The 
pressure  spectral  density  of  the  sound  must  be  known.  Additional  guidance  is 
given  in  Appendix  H  of  the  Standard  regarding  a  method  for  numerically  evaluating 
the  integrals  of  Section  5  when  it  is  necessary  to  consider  the  power  transmis¬ 
sion  response  of  |)ractical  1/ 3-ocLave-band  filters  and  when  i,''e  pressure  spectral 
density  of  the  sound  at  the  beginning  of  tlie  propagation  path  can  be  approximated 
by  a  fune.tlon  pmi'ortional  to  frociuency  to  soric  power. 

A  study''  was  conducted  for  the  FAA  In  1977  to  develop  a  digital  computer 
program,  in  the  extended  I'OKTKAN  iV  programming  language,  that  was  capable  of 
calculating  adjustment  factors  to  be  applied  to  1/3-octave-band  sound  pressure 
levi’ls  to  account  for  dirfercnces  in  atmospheric  absorption  losses  experienced 
under  Lest  and  reference  meteorological  conditions  over  an  assumed  sound  propaga¬ 
tion  path.  The  prog.ram  computed  pure-tone  ntmospberlc  absorption  losses  by  the 
method  In  tlu'  then-proposeil ,  but  essentially  final,  version  of  ANSI  SI. 26-1978. 

The  integ.rals  wi’re  numerieally  I'valuati’d  bv  the  approximation  scheme  ouLliiu'd  In 
Apiieiidix  !■;  of  the  Staiularil  aiul,  in  more  det.iil,  in  Kef.  3.  Tlu'  pressure  spectral 
density  of  the  sound  at  the  m i i’ roplie.ne  was  estimated  by  a  simple  power  lunction 
over  the  theoretical  harulwidtb  of  1 /3-octave-band  filters.  The  slope  of  the  line 
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(nr  till!  cxpoiiont  of  tiu’  l^^)rnl;l I  1 /.I'tl  I  rf<nii>iu  v ,  lu'rm.i  1  Izi-tl  hy  the  I'x.u-t  li.iiul 
gcnnietrlf  im.'an  fif'queiuiy,  f^  )  wan  ohtaJiuul  I'roni  thi'  di  T 1 1’ri'in'i'  h.'l wi'i'ii  tIu’ 
levnl  In  the  band  below  and  tlio  level  In  tlie  band  ahovi!  the  band  ol  interest, 
Thus,  at  a  general  frequency  f  ,  the  pressure  spectral  density  was  propor¬ 


tional  to  ( f  /f  )  . 
J 


.1 


Tlie  numerical  integration  procedure  developed  for  the  computer  program 
in  the  197  7  study**  used  the  procedure,  described  in  Refs.  2  and  3  for  approxi¬ 
mating  the  frequency  dependence  of  atmospheric  absorption  by  a  power  function 
over  small  ranges  of  logarithmically  spaced  frequency  from  f^  to 
f  I  .  With  those  approxi  mat  .Ions  for  tin*  absorption  function  and  the  sound 
pres.surc  s(H'ctral  dcn.sity,  the  >>tMK*ral  integral  expression  could  be  replaced 
by  a  .summation  of  integrals  each  of  wliieli  could  1h'  integrated  exactly  in 
closed  form. 


The  power  transmission  response  of  the  1 /'i-octave-bnnd  filters  was 
assumed  In  Ref.  h  to  be  that  of  ideal  filters  because  the  ob.jective  of  the 
analysis  and  the  computer  program  was  to  start  with  1/3-octave-band  sound 
pressure  levels  measured  at  some  receiver  location  and  to  calculate  an 
adjustment  factor  to  be  added  to  the  measured  band  levels  In  order  to  deter¬ 
mine  wluit  the  band  levels  would  have  been  had  the  sound  propagated  through 
an  atmosphere  with  acou.st  lea  1 -reference  meteorological  conditions  rather 
than  the  actual  meteorological  conditions  existing  on  the  day  when  the  band 
U'vels  were  measured.  Tlte  assuir  ...1 'n  tliat  the  filter  response  was  that  of 
an  ide.il  filter  was  considered  to  be  most  appropriate  for  that  problem. 

The  assumption  of  ideal  fl Iter-transmlsslon  rharaeteristlcs  was  Justi- 
I  ieil  on  the  grounds  tliat  (1)  the  pressure  sncctral  density  has  to  be  estimated 
i'ro.m  measured  band  levels,  (2)  there  is  no  unique,  one-to-one  relationship 
between  a  set  of  measured  batid  levels  and  the  true  pressure  spectral  density 
oi  the  .sound  that  inijilnges  on  the  microphone,  and  (3)  there  is  no  way  of 
knowing  how  mucli.  If  .iny,  the  Indicated  band-level  value  is  Influenced  by 
energy  transmitted  In  the  stopband  frequency  ranges  due  to  inadequate 
r 1 1  ter- reject  ton  capabl 1 1 1 v . 
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Tlie  assumption  of  ideal  filters  was  also  considered  to  be  consistent 
with  the  other  assumptions  regard  int;  tlu-  approximation  of  the  absorpti(Mi 
function,  the  ade(iuat:y  of  the  number  of  horizontal  layers  into  which  thi' 
atmosplu-re  had  beiMi  sul)dlvided  anti  over  whli'li  test~day  me  leoro  I  op,  I  ea  1 
coiul  1 1  Ions  could  he  assumed  to  he  con.slani,  .md  the  leu)',tli  ol  the  sound  propa- 
j'.alion  path.  Tlie  sound  propap.at  ion  path  wa^;  assuiiieil  to  lie  a  sinp.le  slraip.ht  line 
from  an  e(|uivalenL  source  location  to  the  microphone,  nop,  1  ec  I  i  np,  any  heiul  i  np, 
(refraction)  of  tlie  direction  of  propagation  as  a  result  of  temperatere 
gradients  or  winds.  The  aircraft  was  assumed  to  be  always  far  enough  away 
that  the  various  complex  noise  sources  could  be  replaced  liy  a  single 
etiuivalenl  acoustic:  source  located  at  an  aircraft  reference  point.  The 
true  pressure  spectral  density  of  the  aircraft  noise  signal  was  assumed  to 
be  continuous  witli  no  pure-tcuie  components. 

(liven  those  issumpt  ions ,  tlie  atmospheric  absorption  model  of  ANSI  SI.  26-1978 
was  apiilled,  using  the  specific  nunerical  iruv  t  ion  .nethod  described  above, 
to  c.i  1  I'll  1 .1 1 1'  band  adjustment  factors  lor  differenies  hi'tween  at  tnosplier  i  c 
absoriU  ion  losses  un.ler  li>st-dav  and  acoust  ical-rc>fr>rc'nce-day  metcMirological 
conditions.  Tlu'  method  was  appiieil  to  .l/’t-oi'tave-hand  sound  pres.sure 
levels  from  simulated  level -fl  ip, hi  aircraft  flyover  noise  mi*asurementH .  Kach 
set  of  2A  levels  was  .iKsumed  to  he  complete  with  no  liand  levels  missing 
because  ol  contamiual  ion  liy  lugb-level  background  noise.  Two  test  cases 
with  dlffcront  spectral  shapes,  propagation  pathiengths,  and  test-day  meteor¬ 
ological  conditions  were  examined  as  a  means  of  checking  out  the  computer 
program  and  illustrating  tin*  magnitude  of  the  band-adjustment  factors. 

The  scope  of  the  19  7!'  study  in  Ref.  A  wan  limited,  as  Indicated  above, 
essentially  to  tlie  development  of  a  computer  program  to  use  the  atmospheric 
absorption  model  ol  AN.S  I  SI.2()-197H  and  to  implement  tlu'  general  recommendations 
ol  tiK'  standard  reganli  up,  tlie  c;i  1  cu  I  it  1  on  of  ;itmosplK’ric  absorption  loss  for 
a  haiul  ol  noise.  To  satisfv  tlu-  limited  objective,  it  was  not  necessary  to 
include  tlic  capability  ol  examining  1 / i-octave-band  sound  pressure  levels  at 
O.l-s  intervals  tlirouj’.liout  a  flvuver,  or  to  calculate  anv  psychoacoustical 
measures,  or  to  develop  a  metliod  of  estimating  pressure  spectral  density 
functions  when  a  complete  sot  ol  2A  b.ind  levels  (for  center  frequencies 
from  "iO  to  10,000  Hz)  was  not  available  because  of  contamination  by  background 


noise,  or  to  evaluate  cllfforenees  hetwcon  the  method  and  alternative  methods 
oT  caleulatlnR  ahsorpt  ion- 1  oss  ad  |(i.stnu‘nt  Inetors.  However,  the  proftram 
tlint  was  developed  did  consider  the  problem  of  calculating  abso**'.tion 
losses  over  segments  of  tin;  sound  propagation  path  through  Imrizoniai 
layers  of  the  atmosphere  defined  by  the  heights  where  meteorologitai 
data  were  measured. 

Paragraph  (d)(2)  of  Section  A')6.9  of  Appendix  A  of  FAR  36^  requires 
use  of  a  layered-.'itmosphere"  procedure  for  calculating  atmospheric-absorp¬ 
tion  adjustment  factors  when  the  .'itmospher ic— absorpt ion  coefficient  at 
3150  Hz  over  tlie  sound  propagation  p.ith  from  the  aircraft  to  the  microphone 
varies  by  more  than  !  0.23  dH/lOO  m  from  the  value  calculated  using  the 
air  temperature  and  ri'latlvi*  humidity  imvasured  ne.ar  the  microphone  .at  a 
lielght  ol  10  m  above  tue  grt)und  surfai'o  .it  the  time  of  the  me.a.suri'ment . 

The  l.'iyered-atmosphere  procedure  rer|utres  tiiat  tin-  atmosphere  he  divldcl 
Into  horizontal  str.ita  no  thicker  tli.in  30.5  m  (100  ft).  The  average  air 
temperatuie  and  rel.itive  humidity  must  be  computed  lor  each  l.iyer  from 
measurements  made  as  a  I  unction  of  height  above  the  ground  surface  within 
25  minutes  of  the  noise  measurement  and  Interpolated  to  the  time  of  the 
m'’.isurc'ment .  The  avcu-.ige  temper.-itures  and  relative  humidities  must  be 
used  to  calculate  .average  absorption  coefficients  for  each  layer.  An  average 
.ittenu.it  ion  r.ite  over  the  total  propagation  path  must  be  calculated  from  the 
r.itlo  ol  the  Slim  ol  the  .attenuations  over  the  .segments  of  the  path 
to  till'  total  propagation  pnlhlength.  That  average  attenuation  rate  (Instead 
ol  till’  r.ite  calcul.ited  simply  from  the  air  temperature  .and  relative 
luinitdlty  measured  .at  the  10  m  lielghl)  must  then  be  used  in  making  the 
.ihsorptlon  .adjustments  in  .accordance  with  I’.aragr.aph  (d)  of  Section  A36.il 

of  Appendix  A.  All  absorption  coeffieients  are  to  be  calcul.ited  using 
.SAi;  ARI>«66A-197  5. 

Ihe  purpose  ol  the  studv  described  in  this  report  was  to  employ 
aciual,  ine.asured  .lircr.ilt  noise  and  accompanying  meteorological  data  in  a 
comp, ir.it  I  ve  evaluation  ol  different  procedvires  for  determining  test-day-to¬ 
re  I  erence-d.ay  .Itmospher  Ic-.ibsori  t  ion-loss  ad  justment  factors.  The  study 
lequlred  lurllu  r  development  a  id  I’xtension  of  the  digital  computer  program 
reported  in  Kel  .  A.  I'he  revised  progr.im  can  perform  all  tlic  additional 
tasks  noted  above  as  being  outside  the  scope  of  the  Ref.  4  program. 


Four  ;i  1  tiM'n.ic  t  VC  proi-cdurof>  l  or  cali'ul  .it  lup  1  / '-or  t  .'vi'-b.iiul  .itnu'splu'rio- 
rpt  ion  uliustmont  i.utoi.'i  wirr  incliulotl  In  tiu*  stuilv.  Tlicy  woii- 

A-'  I'i- ’,ot  pt  iiu',  -.‘oc  f  f  io  ii  I1C.4  .ind  liand  at  tcniiat  liui  liy  SAi',  AKI’HAAA- I  *>7') 

and  mi  LC'orn  lop,  i  c’.’i  1  data  nii'.asiiriul  only  .it  1(1  in 

•  ab.soriit  Ion  (aic  1  f  i  r  I  on  t.s  .and  b.ind  .at  tcniiat  i  on  by  SAF  Alll'8f)6A- 1  97  3 

.1  1  ayorod-atmoHplu'ro  .iii.alysis  u.sinj'  mo toori>  1  op,  1  o.i  1  data  measured 
.at  v.irlou.s  lielpbts 

•  .absorption  coefficients  bv  ANSI  S1.2b-1978,  a  b.ind- Inlop.rat  ion  inotbod 
to  calcul.atc  attenuation,  and  .a  l.ayered-.itmosiibcre  an.ily.sis  u.sinp 

mot  oorol oplc.a  I  data  .-iloft 

•  .alisorption  coefficients  by  ANSI  SI. 76-1978,  attenuation  calculated  at 
tile  band  center  f roquonc io.s  only,  .and  a  1  ayered-atmospliote  analysis 
usinp  motooroloplc.il  dal.a  aloft. 

The  report  is  orp.anlx.od  into  tliroi'  Volumes.  Volume  1  describes  the 
.in.ilytios  th.at  wore  performed  .and  presents  the  result.s.  Volume  II  contains 
tile  listinp  of  the  statement.s  for  the  computer  propram,  the  Input  data  for 
.1  Siiniple  test  case,  and  the  corres|)ond Inp  output  listings.  Volume  III 
supplements  the  information  in  Volumi’s  1  .and  11  with  extensive  tnble.s  of  the 
.ittenuation  c.aused  by  atmospheric  .ilisorption  over  a  300-m  path.  Attenuation 
V. I  lues  ,ire  computed  for  five  methods  for  each  of  3A0  combinations  of  34  air 
l  emper.it  ores  .uni  10  relative  luimidities.  The  tables  |H'rmlt  a  variety  of 
comp.'i  r.at  i  ve  .in.ilvsi’s  of  (lie  differenci-s  lietwoen  tlie  nn.ilytlcal  atmospheric- 
.absorption  models  of  ANSI  .S1.2(')-I978  .and  SAF  AlsI’8bf)A-1975  and  between  the  fittenua- 
I  Ion  at  the  b.ind  center  I  re(|uency  for  .a  pure-tonc’  sound  .and  the  attenuation 
lor  broadband  soiitids  witii  const.ant  slopes  of  +1,  -b,  and  -13  dR/band. 

'i'he  analy.ses  and  results  iresiuited  here  in  VoluiiK'  I  are  contained  In 
Sect  ion.s  2-4.  Seitlons  2  and  I  describe  tlu'  result.s  ot  an  .analytical  study  of 
the  ellects  of  different,  .iimosplur  ic  conditions  arid  1  /  1-ori  .ivc-hand  filter- 
t  r.insnii  ss  ion-response  elui  r.ic  t  e  r  i  s  t  i  es  on  the  c.a  1  c  ii  1  .a  t  ion  ol  almus|)her  i  i- 
ihsorpt  ion  adjustment  lactors  for  l)ro.idl).and  sound.  Tlie  m.apnitude  of  the  errors 
th.it  c.in  occur  in  the  values  of  tlie  I'.uul  li'vels  .at  .i  ilist.iiit  ri'ceiver,  and  the 
v.ilui's  ol  the  I'.ind  li'vels  when  .uljusted  from  test  to  refi'rence  conditions, 

.irc  c.ilciil.atcd  lor  pr.actieal  fillers  meeting  the  minimum  transmis.sion-loss 


I  uqulrcmt'nts  of  ANSI  SI. 11-1966  for  Class  III  filters.^’  'file  accuracy  of 
detorminlnn  atmospheric-absorption  adjustment  factors  Is  demonstrated  for 
hand- Lntenrat ion  and  hand-center-frequency  methods. 

Section  A  descrihes  tlie  basis  for  the  new  computer  program  for  calcu¬ 
lating  atmosplier ic-absorpt  ion  h.ind-;ul  j ustment  factors.  The  program  was 
used  to  evaluate  the  d  1  f f erc‘iuae4  among  the  four  procreduros  described  .above 
for  calcul.it  tng  hand-ad  |  ustment  factors.  1^.1 1  nat  i  ons  .are  presented  in 
terms  ul  percelveil  noise  level,  l one-correct ed  perceived  noise  level, 
effective  perceived  noise  level.  A-weighted  sound  levi>l,  .and  sound  exposure 
level  for  e.ach  of  the  fo  ,r  procedures  ftir  nine  sets  ol  .actual  .aircraft 
flyover  noise  me.asurements  from  jet-  .and  propel  li'r-[>owered  aircraft. 


Conclusions  coucerning  the  altern.atlve  procedures  for  uctermining 
atmospheric  absorption  losses  during  an  aircraft  noise-certification  test 
are  drawn  from  tlie  analysi's  in  Sections  2  to  A  and  presented  in  Section  5. 


?.  EFFECTS  OF  ATMOSPHERIC  CONDITIONS  ON  CALCULATIONS  OF 
ABSORPTION- ADJUSTMENT  FACTORS  FOR  BROADBAND  SOUND 

I'.v.i  I  M.i  I  I  iin  ('(  .1 1 '  i- rn.i  M  vi-  iirin-iMhni's  Itu  ili‘ I  c  nn ii  I  nj',  L.md'.ul  iii!;i  nicni 
l.ii'lorf!  Inr  ,'i  I  inos|ilK’ r  1 1- altsorp  I  1  on  losnu’s  was  piT  I  iiniiiHl  in  iwn  phases.  The 
I'Lrst  phase  CiJnsIsti-il  of  analyses  to  sliow  tlie  validity,  or  need  lor  ret  Ine- 
ment,  of  the  hand-adjustment  method  of  Kef.  4.  Tlio  .second  phase  included 
development  of  a  new  computer  proKram  aiid  evaluation  of  four  alternative 
procedures  for  adjustinj;  various  aircraft  noise  signals  from  test  to 
reference  atmospheric  conditions.  This  .Section  discusses  the  analyses 
tliat  wi'fe  conducted  for  the  first  jiart  of  the  first  ph/.-se  for  which  the 
filters  were  assumed  to  have  hleal  transmi  s.s  ion- response  characteristics. 

Tile  niost-cr It  ic.al  Issue  In  developing  any  method  for  determining 
h.'uid-ad  1  ustmeut  f.ictors  to  .iccoutU  for  atmospher  1  r-.ahsorpt  Ion  losses  Is 
liow  lo  olil.iin  a  g.ood  estlnwite  oI  the  true  pressure  spi'ctral  density  of  the 
sound  that  impinged  on  tlu’ microphone.  For  tills  reason,  the  original  plan 
for  assessing  the  validity  of  the  method  of  Ref.  A  to  account  for  atmospheric 
absorption  losses  w.is  to  obtain  a  narrow-band  analysis  of  samples  of  aircraft 
noise  measurements  for  whtcli  1 /T-oetave-band  sound  pressure  levels  and  test- 
day  meteorological  data  were  also  available, 

N.irrow-band  .in.iivses  were  obtained  .it  thre*.'  dllfi'ront  times  (before, 
near,  itul  .ifter  tlic  lime  of  maximum  overall  sniincl  nrossure  level)  during 
the  duration  of  :\  recording  of  the  flyover  noise  signals  from  four  aircraft. 
'Ihe  four  .ili'craft  representeii  jet-  and  propeller-powered  airplanes  and 
i-nnsisted  of  .i  Hoeing  727-lOf)  commercial  jet  transport,  .a  Raisheck-modif led 
(i.'ites  hi’.irjet  tins  i  ness/execut  I  ve  jet,  a  llawker-S  i  dde  1  y  IIS-7AH  twi  n- turboprop 
tr.in.sport,  and  a  Heecli  nebomir  single-engine,  projie  1  1  er-powured ,  general- 
aviation  air|ilane. 

A  tligit.'il  sig.nal  proii'ssor  was  used  to  olitain  the  n;irrow-band  analyses, 
i'lie  upper  limit  ol'  tlie  rre(nu‘ncv  range  was  set  to  9000  Hz  giving  a 
rate  for  sampling  tlie  analog  slj>,n.il  from  the  tape  recorder  of  18,A32 
s.amp les/second ,  The  jirocessor  w.as  set  to  per  form  a  single-length  Fourier 

^  ijkiaii.  bUd4K»N0i' 


transform  with  1024  data  samples  needed  to  complete  one  block  of  data.  The 
time  required  to  fill  the  memory  of  tl>e  input  buffer  for  one  block  of  data 
wiis  then  1024/18,432  =  35. 5()  ms. 

There  were  500  freciuency  resolution  points  in  the  frequency  range  for 
the  in24-polnt  block  of  sampled  data.  Tlu'  500  points,  then,  meant  that  there 
w.as  an  IH-lIz  nominal  spacing  hetween  the  frequency  components  in  the  spectrum 
analysis  I  rnm  0  to  9000  lls.  'I'hi'  elli-i'tive  handwldth  around  I’.ich  spectral 
compoiuMit  at  the  18-Ilz  spaciii)’,  was  approx i m.ate  1  y  12  Hz  hecausi-  of  the  us('  of 
the  rounded,  cos ine-s(iuared  Manning  function  for  time-limiting  (or  tim»'- 
welghting)  in  the  fast-Kour ler-transform  algor  1 thm. 

The  statistical  confidence  of  the  nar row-b;md  spectra  was  Increased  by 
averaging  eight  consetaiilve  55.5f)-ms  blocks  of  d.ita  to  give  an  ensemble 
average  with  air  el'fectivi'  .iverag.lng  time  of  anonl  444  ms.  Tnis  ensemble 
averaging  time  is  elose  to  the  averaj’.ing  time  u.sed  in  1  /  3-or  tave-band  real¬ 
time  analyzers  that  provide  data  at  nominal  500-nis  Intervals. 

Although  cons  1  derail  1 e  el  fort  was  devoted  to  obtaining  the  narrow-hand 
H|iectra,  the  ri'sults  were  disappointing.  The  bO-to- 7()-()lt  ilvnamlc  range  of 
the  insiriiments  (microphone,  tape  recorder,  and  digital  slg.nal  processor), 
and  the  relatively  high  levi'l  of  li  1  gh- Irecincarcy  background  nolst'  (Instrument 
noise  plus  ambient  noise)  with  tvpie.il  valiu’s  between  15  to  20  dll  for  thi> 
equivalent  i.’.-llz-liandw  1  d t h  sound  pressure  levels  at  freiiuencies  above  3000 
llz,  combined  to  eliminate  any  useful  data  above  2500  to  4000  Hz.  Furtbermore, 
the  narrow-baird  sjn’ct  rum  was  not  at  all  sni'.roth  and  would  have  been  difficult 
to  interpret  even  If  the  hackg.ronnd  levels  had  been  lower.  Attempts  to 
use  narrow  b.iiul  ;'p<'ctra  to  obtain  a  lu’tter  .ipproxlmat  Inn  to  the  true  sound 
pressure  .speetrul  dens  i  I  v  Were  llu-rel(tre  .ih.iiuloned . 

Ilee.unu’  the  n.ir row- h.ind  sin’ctral  .approach  liad  to  be  abandoned,  It  wn.s 
necess.iry  to  ilevelop  .an  alternative  proi-edure  for  assessing  the  validity  of 
1  1/  1-eeiave -li.aiul  a t mos phe r  1  c-.absor p t  1  on  .adjustment  method.  Tlie  .alternative 
pioeediire  sl.aiu.'il  with  .a  spi*c  1 1  t  c.a  t  i  on  for  the  power  spectrum  of  the  sound 
pressure  at  ,ao  ecpilvalent  soiirei*  loc.atlon.  llie  power  spectrum  at  .a  distant 
reci'iver  loc.atiun  was  then  (  .a  1  eu  I  .it  €>d  for  .an  .ilmosphere  with  acoustical 
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reference  conditions  and  for  atmospheric  conditions  ylcldtnp  a  very  high 
rate  of  atmospheric  absorption.  One-tliird-octave-band  sound  pressure  levels 
at  the  receiver  location  were  calculated  for  filters  liavlng  ideal  trans- 
miss  ion-rcsi>nnse  characLerlsi  ii's.  The  calculated  band  levels  at  tlie  receiver 
were  used  to  find  band-adjustment  factors,  (’.ompar Ison  v;itli  what  the  adjust¬ 
ment  factors  sliould  hav<>  been  (values  wliich  were  known  exactly  since  the 
true  specirum  was  known  at  tlie  source  and  at  the  receiver)  gave  a  measure  of 
tlie  .iccuracy  (jf  the  calculation  metliods.  ilu'  results  are  presented  in  a 
series  of  spectral  plots  th;.t  assess  the  effects  of  atmospheric  conditions, 
propagation  distance,  and  ad  j  uslnient--f.ictor  c;i  1  cii  1  at  ion  method. 

Spectra  at  the  Source 

ilie  analysis  began  with  a  set  of  assumcsl  hroadhancl  power  spectra  for 
tile  sound  pressuri'  at  tlie  location  of  the  source, 

for  conven 1 eiu'e ,  the  spectrum  was  assumed  to  he  a  simple  power  function 
ol'  frequency  as 

C’^CD  =  1  ■  (1) 

where  1«  the  sound  jiressure  spectral  density  at  .any  frequency  f, 

Is  the  pressure  spectral  density  at  some  p.art  tciil.ir  frequency  f^  (which 
l.ater  will  be  taken  to  lu-  the  I'X.ict  center  frequency  of  a  1/3-octnve  band), 
and  Is  the  slope  of  the  slraig.ht  line  that  represents  the  spoc.'rum  on 
1  ogar  1  tlimlc  scales . 

The  I'xact  I  / l-nc i  ave-h.atid  sound  pressuri’  levels,  l,S ,  at  the  source  are 
I  oiind  from 

i.sir,,)  -  10  1..,'.  I  [  j,'o  Ji]/|o^,|  (2) 

where  the  numerator  term  represi’iits  the  mean-squared  pressure  at  the  source 
In  the  hand  at  1^  ,  .and  fj  and  f^,  are  the  exact  lower  and  upper  bandedge 
I  re(|ueiie  les  th.at  represent  the  limits  of  Integration  over  the  passband  of 
the  filter.  'Hie  filter,  by  delinltlon,  has  Idea),  t r.ansmiss ion-response 
ch.aracterlst  ics  around  the  ex.act  hand  renter  frequency  f  .  The  sound 
lirt’HSure  levels  have  units  of  decibels  and  are  calculated  relative  to  a 
reference  pressure,  p  ^  =  20  pP.i, 
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Wltli  Kq .  (1)  for  the  power  spectrum,  the  band  levels  at  the  source  can 
he  calculated  exactly  from  Eq.  (2)  as 


LS(f^)  =  10  loK 


(Og(f^)l  df) 


-  10  lu);  |> 


? 


ref 

/'Si 

■■=  10  lop,  L  (f/f  )  (ii 

■’U. 


+  10  lup  0,.(f^,)  -  10  lop  (3) 

where  tlio  con.stant,  C„(f  ),  has  been  taken  outside  the  integral. 

O 

'Ihe  Intepral  term  In  Eq.  ( '))  can  he  eviiluated  as 

(f/r^,)'"’  df  =  f^.  Ii/(y,''  +  DlKfy/f^)^ 

''  '  '  '  (A) 

when  V*  /  - 1 ,  and 

f^  In  (fj|/fj)  (')) 

wlien  =  -1. 


I'or  a  constant-slope  spcel.nm,  the  slope,  If''’,  of  the  pressure  spectral 
ilensltv  (lop  l‘’K  1^)  ‘’'"i  readily  related  to  the  slope  of  the  sound 

pressure  li'vel  spectrum  (I.S  (I  )  hand  center  frequency).  The  relationship 
Is  j',  iven  I'V 

••  SI,  -  1  (6) 

whei'e  SI,  is  the  h.iiul- 1 1- vi' 1  slope  in  ('If/h.and. 

Tlu'  ratio  of  hancledpe  f  re<iuen(ies ,  T]  >  Tur  ideal  filters  is  a  constant 

which  was  piven  tlu'  symbol  Kl'  in  Kef.  A.  Hie  band  center  frequency  is  the 
peomelrlo  mean  of  f^^  and  fj  and  thus 


The  frequency  ratio  UF  is  specifle<l  in  applicable  standards®  for  filters, 
For  1/ 3-octave-band  filters,  the  exact  ratio  is 

RF  =  10*/‘°.  •  (10) 


Tile  exact  liaiul-cenLcr  f reqiiciu’y  is  found  from 


r  =  10 

c 


ISBN/ 10 


(ID 


where  ISBN  rc'prc'seets  the  set  ol  liit  iTiiat  ional  Stand, inl  liaiul  Numbers’’  fur  the 
filters.  For  I /'i-ocLave-band  filters,  the  values  of  ISBN  ranKc  from  17  to 
AO  for  nominal  band  ciuiter  rrequencies  r.inf’in^  from  30  to  10,000  II?;. 

With  F((s.  (6)  to  (9),  the  expressions  in  I'.qs.  (A)  and  (5)  can  he 
written  in  a  more-convenient  form  a.s 


/’ 

■'b, 


(f/r  df  =  (f  /Si.) -  Ri“‘'^‘''^^) 
e  c 


(12) 


when  7,"  7^-1  or  SL  ^  0,  and 


when  =  -1  or  SL  =  0. 


r  in  (RF) 
(• 


(13) 


'llie  spectrum  of  the  sound  pre.ssure  at  the  source  (Eqs.  (1)  or  (3)]  can 
be  c.’ilcul.'itecl  once  the  slope,  I’-'*’  of  SL,  is  specified  and  some  value  is 
a.sslRned  fur  ^'<5(1^,)  some  frequency  f^_.  For  convenience,  the  value  of 
10®  I’a^/Hx  was  chosen  at  f^  =  1000  llx,  i.e., 

0^  (1000)  =  10®  PnVlix,  (lA) 


in  order  to  provide  v.il'ies  for  band  levels  at  the  source  that  were  consistent 
with  reasonable  values  ib/r  corresponding  band  levels  at  a  distant  receiver 
location. 


Making  uao  of  tlu'  various  terms  defined  above,  the  expression  for  the 
hand  level  at  tlie  souree  for  tlic  1000-11/  i-enter  frequency  becomes 

I.SdOOO)  =  10  log  Cj^.dOOO)  +  10  log,  1000  -  10  In)',  ^ 

+  10  log  I  (l/Sl.) 

=  190.0  -  10  log  4  +  10  l(»g  [  d/SL)  (Rl’‘‘^“'^^ 

when  SI,  ^  0,  and 

LSdOOO)  =  190.0  -  10  log  4  +  10  log  (In  (RF)  1 
when  SI.  =  0. 

Hand  levels  at  higher  center  fn-quenclcs  are  found  by  successive  addi¬ 
tion  of  the  band-level  slope  SI,.  Note  that,  for  a  white-noise  spectrum  with 
SI.  =  FI  dli/hand,  the  third  term  In  Mq.  (13)  reduces  to  the  relative  bandwidth 
of  an  Ideal  filter  which,  for  1  / 3-oc.tave-band  filters,  is  given  exactly  by 

gpi/?-  _  =  10'/^°  -  10"'''^°  =  0.23077 

giving 

LSdOOO)  =  17  7.6  dll 

in  the  1000-11/  band  for  SI.  =  1  and  (1^,(1000)  =  10^ 

Figures  1  and  2  show  spi'ctral  plu.^  for  0„(f)  and  i.S(f  )  calculated  from 

o  c 

the  above  equations  using  band- level  alc.pes  of  +1,  -3,  -6,  and  -12  dB/band. 

g 

’I’he  slope  SI,  ==  +1  dll/band  corresponds  to  a  white-noise  spectrum  with  H  =0. 
Neg.it  Ive  values  for  the  other  slopes  wer^'  chosen  for  the  example  because 
most  iilrciVift  noise  souri'es  have  a  spectrum  that  decreases  with  increasing 
freciuency  .at  h  1  gli  frequencies.  The  frequency  range  covered  by  the  eleven 
1/3-ni'tave  b.ands  with  center  frequencies  between  1000  and  10,000  Hz  was 
chosen  as  tepresenting  the  frequency  range  of  most  interest  to  atmospheric 
absorption  studios  for  prop.agation  outdoors. 

ITae  next  step  was  to  calculate  the  hand  leV'.’Is  at  receiver  local  Ions 
for  different  atmospheric,  conditions  aiid  then  to  use  the  recc'iver  levels  to 
attempt  to  reproduce  tlu‘  known  source  levels  in  Fig.  2. 
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Spectra  at  the  Receiver 

NeRloctlnK  tlio  rodiictlon  Ivj  tiu*  anipHtudo  of  the  pressure  caused  by 
spreading  the  acoustic  power  over  increasingly  larger  surfaces  as  the  sound 
propagates  tlirough  the  atmosphi.'re  to  tiie  receiver,  the  general  expression 
for  the  pressure  spectrum  at  the  receiver  relative  to  that  at  the  source  is 

fi|^(r)  =  I(;j,(r)  l(Ai’'(f)  I  (i7) 

where  AK  (f)  represents  the  atmospheric-absorption  function  applicable  to 
the  meteorological  conditions  over  the  sound  propagation  path  and  tlie 
length  of  tile  path.  Hie  minus  sign  in  the  superscript  indicates  propagation 
from  the  source  to  the  re<‘eiver.  For  the  analysis  here,  tlie  model  In 
ANSI  SI. 26-1978  was  used  to  calcnlate  atmospheric  absorption  at  a  siiecifieil 
frequency.  The  power  spectrum  of  die  pressure  at  the  source,  (l^(f),  was 
found  from  Fqs.  (1)  and  (KO  for  tlic  example  considered  here,  althougli  it 
could  have  any  other  desired  functional  dependence  on  frequency. 

liy  analogy  to  Kq .  (2),  the  exact  band  levels,  LR,  at  the  receiver  were 
found  from 

i,n<f,)  -  HI  Hn;  n„<f)  (18) 

where  the  range  of  integration  has  again  been  restricted  to  fj  to  f^j  for 
iiiiM.  fii'ors  luM  ;iuse  the  exact  values  of  tlie  band  levels  at  the  receiver 
are  those  that  would  be  measured  with  filters  liaving  ideal  response  charac- 
teristies.  Hi  lext  section  discusses  the  magnitude  of  the  problems  that 
re.sult  from  using  practical  filters  liaving  non-ideal  transmission-response 
character  1st ics . 

Using  the  form  of  F.q .  (17),  tlie  expression  for  the  band  levels  becomes 

LR(f^,)  =  10  log  l[/^  ^  [C^(f)l[AF"(f)l  df]/pj^^[  (19) 

If  the  sound  propagation  patli  can  be  considered  to  be  divided  into  k 
segments  over  whicli  the  temperature,  humidity,  and  pressure  of  the  air  can 
1)0  assumed  to  be  constant,  then,  ns  shown  In  Refs.  3  and  A,  the  absorption 
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function  cnn  be  expressed  ns 

AK"(f)  =  10  ^  ^20) 

wlieri'  Is  t  ill'  ntmosphor  I c  sound  nbsorpl  ion  coe f  f  1  c  lent  over  tlie  k-lh 

path  , segment  at  fre(|uency  f.  In,  say,  deelbi'ls  per  meter,  and  is  llu'  lenp.tli 

1)1  one  of  the  sej’iiients  of  Llu*  propnp.at  ion  patli  In  meters. 

because  AF  (f)  has  a  complicated,  thouMli  smooth  and  continuous,  depend¬ 
ence  on  frequency,  F.q ,  (19)  must,  in  (teneral,  be  evaluated  numerically.  Note 
also  that  the  attenuation  due  to  atmospheric  absorption  is  not  independent 
of  the  len^tli  of  the  laropa.qat  ion  path  because  the  pure-tone  absorption  coeffi¬ 
cient  and  the  lengtfi  of  a  propagation-path  segment  are  linked  as  a  product 
In  Eq .  (20).  The  pathlengtli,  therefore,  cannot  be  taken  outside  the  integral 
in  Eq .  (19).  As  a  consequence,  the  concept  of  an  absorption  coefficient 
is  not  strictly  applicable  to  broadband  noise  analyzed  b;  passbancl  filters 
excejU  in  the  sense  of  a  total  attenuation  r.atc  over  the  fotal  pathlengtli, 
wlicre  the  pathlengtli  as  well  as  the  atmospheric  conditions  and  band  center 
freiiueiicy  must  he  stated. 


For  the  |)urposo  of  demonstrating  the  validity  of  a  method  for  adjusting 
measured  band  levels  from  test  to  reference  conditions,  tbe  meteorological 
conditions  of  the  atmosphere  were  assumed  to  be  constant  over  tbe  total 
projiagatlon  path.  Thus,  the  absorption  function  of  Eq.  (20)  reduced  to 

AK-(f)  -  ,„-l-.(f)liro/iol  (21) 

where  a(f)  is  determined  in  decibels  per  meter  for  any  frequency  f  by  the 
e(|uaLloiis  in  ANSI  Si.  26-1.978  and  I’D  is  the  jiropagation  distance  in  meters. 


With  the  s[n'cifii  expression  lor  (^^.(f)  from  the  previous  Section  and 
with  Eci .  (21)  for  AF  (f),  the  expression  for  the  band  levels  at  the  receiver 
location  becomes 

i.iKl,.)  -  10  Ob 

*  10  1„B  (f/f,,)'"  ,„-Io<f)l|ri)/10l^(|  ,22, 
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The  problem  of  numcrlrally  evnluntlng  the  integral  in  Eq.  (22)  was 
addressed  in  Refs.  .]  and  A.  The  method  used  in  Lliose  references  of  summing 
a  series  of  special  integrals,  where  the  absorption  function  was  approximated 
by  a  |)ower  function  of  frequency  over  small  logar  i  thmi  ca  1 1  y-spacetl  fre<iiieni'y 
intervals,  was  not  used  here  because  it  was  considered  unnecessarily  cumlter- 
some  and  because  an  approximation  lOr  AF  (f)  was  not  really  needed  since 
the  numerical  evalu.ation  would  have  to  be  done  by  a  digit.'il  computer  in 
any  case. 


The  numerical  Inti'gratlon  nu'thod  uscul  to  calculate  b.ind  levels  at  tlu- 
receiver  was  one  of  tin*  stand.ird  methiuls  p.iven  in  the  I  liM  Scienlilii- 
Subroutine  Packag.c’  in  common  use  .il  many  i  ns  t.i  1  I  at  i  ons  of  lar)’,i’  digital 
computers.  A  number  i.)  f  otlier  sl.indard  c.i  I  cu  I  at  ion  routines  could  alsii  have 
been  used.  The  method  th.it  was  usi'd,  howt'ver,  utilized  Simpson's  rule  and 
Newton's  i/H  rule. 

To  apply  thi'  method,  the  frequency  range  from  fj  to  f^^j  for  each  band 
was  divided  into  a  number  of  equally-spaced  frequency  intervals  on  a  linear 
frequency  scale,  the  number  of  intervals  being  a  function  of  the  bandwidth 
of  the  particular  filter  band  and  increasing  as  bandwidth  increased.  The 
value  of  the  iiroduct  In  tin  Integrand  In  Kq.  (22)  was  calculated  at  each 
frequiMicy  step  betwiM-n  fj  and  I  .and  then  used  by  the  st.andard  subroutine 
to  ev.iluati'  the  lnle)',ral.  The  suhroutiiu'  Is  n.imed  by  the  .icronym  ()SI' 
lor  i|  u.id  ra  t  ui'c /.'i  I  mpson '  s/ f  unc  I  I  on ;  it  was  .also  used  to  cal  1111,11  e  h.aiul- 
.adJustmiaU  I, actors,  Det.alls  lor  tin*  varltms  steps  in  ()SF  .are  g,ivi'n  by  the 
subroutine  statements  In  llu'  progr.am  listings  in  Vols.  11  .and  III. 

before  .adopt  lug,  the  ().SF  suhrout  i  .e,  .1  study  w.as  coudueted  to  select 
.a  siiigh;  set  of  numbers  to  be  used  lu  .all  c.ases  for  subdividing  the  passbands 
of  Llie  filters  into  equ.a  I  1  y-sp.aeed  frequency  Intcrv.als.  .Since  the  intervals 
wiTe  sp.aced  .along  ,1  linear  freqiuaicv  scale,  it  w.as  necess.ary  to  increase 
the  nnmlu'r  of  Interv.als  .as  the  bandwidth  increased.  .Judgments  as  to  how 
m.any  interv.als  to  include  were  made  after  considering  the  sizes  of  the 
1  og.ar  1  thml  I'.a  1 1  y-sp.aeed  frequency  Intervals  used  for  the  c.a  1  cu  1  a  t  i  on  method 
nl  Refs ,  )  and  A . 
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The  numericnl-lntegration  method  from  Ret.  4  was  also  re-programmed 
for  the  problem  of  calculating  band  levels  at  the  receiver.  Parallel  compu¬ 
tations  were  made  using  the  numerical-integration  method  of  Ref.  4  and  the 
method  of  standard  subroutine  (^SF.  Identical  results  were  obtained  for 
iion-unl  form  and  uniform  atmospheric  conditions,  pat’ilengtlts  to  900  m,  and 
all  four  spectral  slopes.  Computing  times  lor  the  two  methods  were  also 
essentially  the  same  for  calculations  using  idea]  filters. 


'Hie  final  values  selected  for  the  number  of  frequency  intervals  to  use 
witli  subroutine  QSF  were  as  sliown  below  along  witli  the  bandwldths  and 


stepsi zcs. 

Norn  Inal 

Approx. 

band 

Approx . 

Number 

r  ri'quency , 

center 

bandwidth. 

of 

stepsize 

f  requeney , 

i  nterva  1  .s 

Al=(fu-ri,)/N, 

11  z 

II  z 

N 

Hz 

1000 

2  lO .  7  7 

10 

23.077 

1250 

290 . 1 

12 

24.209 

1000 

)h5. 75 

14 

26.125 

2000 

')  00 . 4  1 

16 

28.777 

2500 

5  79 . 0  7 

18 

12.204 

1150 

729.75 

20 

16.488 

4000 

918. 09 

22 

41.759 

5000 

1 1 50.58 

24 

48.191 

0  100 

1456.01 

26 

56.001 

8000 

1811.00 

28 

65 . 466 

10,000 

7107.71 

10 

76.924 

Increasing  the 

number  of  interv.il! 

<  would  tend  lu 

increase  accur.icy  but 

Would  also  Increase 

computation  time. 

Hie  Intervals  i 

[■'■flni’d  .above  required 

calculations  at  211  frequciuiles  over  the  11  batuis. 

Afti’r  the  integral  In  Kq .  (22)  had  been  evaluated  for  a  specified 

spectral  slope  at  the  souri  e,  f.” ,  atmospheric  conditions,  and  propagation 

distance,  tlu’  band  levels,  lJ<(f  ),  were  calculated  according  to  F.q .  (22) 

c 

with  (I.dOOO)  =  lO'^  I’a^/llz  and  p  ^  =  20  pPa. 

S  'ref 
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Calculations  of  band  levels  at  a  receiver  location  were  made  for  two 
atmospheric  conditions,  three  propagation  distances,  and  the  four  spectral 
slopes  at  the  source  of  Fig.  1.  The  two  atmospheric  conditions  were  (1) 
those  of  a  uniform-atmosphere  acoustical  reference  day  with  air  temperature 
of  298.15  K  (25.0°  C),  relative  humidity  of  70.0  percent,  and  air  pressure 
of  1.0  standard  sea- level  atmospliore  (or  a  pressure  of  101.325  kPa),  and 
(2)  those  which  resulted  in  very  high  atmospheric  absorption  coefficients. 

liy  inspection  of  the  data  in  Table  II  of  ANSI  S1.26-]978,  it  was  clear 
tliut  higlily  absorptive  conditions  wi're  lliose  for  a  warm  and  dry  atmosphere; 
the  conditions  of  an  .-uMnist  I ca I  reference  day  yield  lU'cr-minlmum  al)Sorption 
coefficients.  The  higiily-absorptive  conditions  weri'  tliereforc  clioscn  to  bo 
an  air  temperature  of  298.15  K  (25  0°  C),  a  relative  humidity  of  10.0  percent, 
and  an  air  pressure  of  1.0  standard  atmosphere.  Thus,  the  only  difference  was 
the  change  in  relative  humidity  from  70.0  to  10.0  percent. 

I’ropagat ion  distances  selected  for  the  analysis  were  300,  600,  and  900 
tn.  Oalculated  band  levels  arc  shown  in  Figs.  3  and  h  for  relative  humidities 
of  70.0  and  10.0  percent,  respectively.  Figure  3  shows  the  band  levels  for 
all  four  source  hand-level  slopes;  Fig.  4  omits  the  intermediate  slopes  and 
only  prof.cui. s  results  for  the  highest  and  lowest  slopes,  +1  and  -12  dB/band- 
NuU>  ll'.at  dMfercnt  ordinate  scales  are  used  for  Fig,.  3  and  Fig.  A. 

The  h.ifci  levels  at  the  receiver,  as  expected,  decrease  rapidly  with 
Increasing  Iretiuency  and  increasing  propagation  distance.  For  the  highly 
absorptive  ciinditiuns,  the  attenuation  is  large  and  the  level  at  the  receiver 
becomes  very  low  in  the  high-frequency  bands,  even  for  a  source  slope  of 
+  1  tlB/h;incl.  'Ihe  actual  levels  at  the  receiver  location  would  be  even  lower 
than  those  shown  In  Figs.  3  and  A  because  the  attenuation  due  to  geometric 
siireadlng  losses  has  not  been  Included  in  the  calculations. 

However,  as  shown  In  Fig.  5,  attenuation  over  the  path  due  to  atmos¬ 
pheric  absorption  (l.e.,  the  difference  between  the  source  level,  LS,  and 
the  receiver  levi'l,  hR)  does  not  have  a  strong  dependence  on  the  spectral 
slope  at  the  source.  Note  that  three  different  ordinate  scales  were 
required  to  conveniently  encompass  the  range  of  attenuation  values  for  the 
tliree  propagation  pathlengths. 
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Figure  4.-1/3-ocatve-band  sound  pressure  levels,  LR.  at  the  receiver  for  the  same  condition  as  for  Fig.  3, 
except  a  relative  humidity  of  10%  instead  of  70%. 


REL.  SOURCE  /'  J  ,@3  L  UJ  320 


distance.  Tvwo  relative  humidities  and  band-level  source  spectrum  slopes.  Air  temperature 
is  25°C:  air  pressure  is  1.0  standard  atmosphere.  Ideal  filter.  No  geometric  spreading  loss. 


Exact  Test-to-Reference  Day 
Band-Level  Adjustment  Factors 


If  the  receiver  levels  calculated  for  the  10-percent  relative  humidity 
condition  at  25°  C  temperature  are  roRarded  as  representinR  tlie  exact  values 
for  test-day  sound  pressure  levels,  then  the  differences  between  the  attenua¬ 
tion  data  in  Fig.  5  represent  exact  values  for  band-level  adjustment  factors 
from  test-to-reference  conditions. 


To  sec  why  this  is  true,  let  be  the  measured  band  level  for  a 

10-percent  relat  1  ve-lnimld  1  ty  test  day  and  let  he  the  band  level  that 

would  have  been  measured  at  the  rec(«lvcr  had  the  relative  humidity  been 
70  percent.  Then 


LR 


70 


'■“lo  +  <l-“70  - 


(23) 


where  tlie  difference  Is  the  band-level  adjustment  factor,  BA, 

to  be  added  to  tlie  measured  test-day  level  to  determine  the  equivalent 
reference-day  level. 


Since  the  source  level,  I.S,  Ls  always  the  same,  the  exact  value  of  the 
tost-to- reference  band-adjustnu'nt  factor  can  be  found  from 

BA  =  (LS  -  I.Kjjj)  -  (hS  -  LH^^)  (24) 

for  any  band  center  frequency,  ilu.'  exact  (I.S  -  LK)  values  In  I'.q .  (24)  are 
just  the  attenuation  values  In  Fig.  5. 

Figure  6  sitows  the  variation  of  the  exact  band-level  adjustment  factor 
with  frequency,  jirnpagat  ton  distance,  and  si^ectral  slope  at  the  source.  The 
adjustment  factors  are  exact  because  all  terms  In  Fxi.  (24)  are  known  exactly. 
Note  that  three  different  ordinate  scalo.s  were  again  needed  to  cover  the 
range  of  values.  Note  .also  tliat  the  magnitude  of  tlie  adjustments  that  would, 
theoretically,  be  required  can  become  very  large  even  for  the  300-m 
distance.  Moreover,  as  noted  for  the  attenuation  values  In  Fig.  5,  there 
Is  only  a  weak  dependence  of  the  exact  band-adjustment  factor  on  the  slope 
ol  tlio  sound  spectrum  at  the  source. 


Approximation  of  Source  Band  Levels 
by  Band  Integration  Method 

If  the  true  stnirce  Levels  are  not  known,  ns  they  usually  are  not,  anil 
only  the  hand  levels  at  the  receiver  are  known,  then  some  api^roximal  li’u  method 
must  be  used  to  estimate  the  sound  pressure  spectrum  at  the  receiver  so  that 
the  band  level  at  the  source  can  be  calculated.  This  requirement,  of  course, 
is  the  essence  of  the  band-adjustment  calculation  problem  as  was  also 
pointed  out  in  Ref.  4. 

The.  problem  of  calculating  the  band  level  at  the  source  is  the  Inverse 
of  the  problem  of  calculating  the  band  level  at  the  receiver.  Hence, 
referring  to  Eqs.  (17)  and  (18),  the  source  band  levels  are  found  from 

LS  =  10  log  G^(f)  df]/pJ^J  (25) 

where 

0j,(f)  =  [(l,^(f)llAl’'^(f)  !  (26) 

and  where  an  expression  for  (l„(f)  has  to  be  found  from  the  band  levels  LR. 

+  ^ 

The  notation  AF  is  used  to  signify  that  the  path  is  from  the  receiver  loca¬ 
tion  to  the  source  location.  ll\e  notation  that  the  source  band  level,  LS, 
is  for  some  particular  band  with  center  frequen''  f^  has  also  been  omitted 
in  Eq.  (25). 

Although  it  would  have  been  entirely  feasible  to  work  directly  with 
Eq.  (25)  and  to  have  determined  source  band  levels  LS  and  then  to  have 
calculated  adjustment  factors  by  subtracting  the  corresponding  receiver  band 
levels  LR,  it  was  decided  to  use  an  alternative  approach  and  calculate  the 
receiver-to-source  hand-adjustment  factors  directly .  Thus,  the  problem  of 
cal  cuJ.ating  source  band  levels  was  formulated,  in  a  manner  similar  to  that 
In  Eqs.  (23)  and  (24),  as 

LS  =  LR  +  (LS  -  LR)  =  LR  +  8A  (27) 

where  BA  is  the  adjustment  factor  to  be  added  to  the  measured  receiver  level 
to  obtain  the  estimated  source  level. 

Using  previous  expressions,  tlie  recei ver-leve l-to-source-level  band- 
adjustment  factor  can  be  written 
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BA  =  LS  -  LR  -  10  los  Pg/P^ 


“  10 


[(yn|(AF+(r)l/|j.  ^ 


(US) 


The  form  of  liq.  (28)  has  the  advantaf'e  over  that  of  l',q .  (25)  In  tliat 
the  constants  ^nd  P^^^:  are  eliminated  because  they  appear  in  both 
the  numerator  and  denominator. 


To  proceed,  we  need  an  expression  for  Gj^(f).  The  expression  for  AF  (f) 
is  obtained  from  Eq .  (20)  or  Eq.  (21)  for  a  layered  or  a  homogeneous  atmos¬ 
phere  and  with  a  plus  Instead  of  a  minus  sign. 


In  Ref.  A,  the  pressure  spectral  density  functic.i  Gj^(f),  applicable  to 
the  frequency  range  from  fj  to  f^  for  some  band  center  frequency  f^_,  was 
estimated  from  the  measured  band  le’/els  by  a  single  straight  line  over  tlie 
passband.  The  slope  of  the  line  was  determined  by  the  difference  between 
the  level  above  and  the  level  below  the  band  of  interest.  Special  rules 
were  adopted  for  the  first  and  last  bands  where  the  slope  over  half  of  the 

band  was  extrapolated  over  the  other  half  of  the  band. 

For  the  study  described  in  this  report,  it  was  decided  to  modify  the 
procedure  used  in  Ref.  4.  TTie  singlc-straight-line  approximation  for  G„(f) 
over  the  frequency  range  of  a  filter  passband  is  considered  to  be  appropriate 
when  the  band-level  spectrum  is  reasonably  smooth  and  not  too  steep,  i.e., 
slopes  less  than  approximately  ±6  dB/band.  The  spectrum  of  many  noise 

sources,  including  significant  portions  of  many  aircraft  noise  signals,  is 

consistent  with  this  assumption.  For  general  applicability,  however,  the 
single-straight-line  approximation  was  not  considered  adequate. 

Most  aircraft  noise  signals  have  a  rather  complex  spectrum  bec.ause  the 
total  noise  signal  is  the  result  of  a  variety  of  noise  sources  —  broadband 
and  discrete  frequency.  The  analysis  in  this  report  is  applicable  to  the 
complex  spectra  resulting  from  a  number  of  broadband  noise  sources.  As 
stated  earlier,  the  problem  of  calculating  atmospheric-absorption  adjustments 
for  discrete-frequency  components  is  considered  a  separate  issue. 
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The  procedure  for  estimating  (I-Cf)  that  was  adopted  tor  this  report 
uses  a  2-slope  approximation  over  the  paosband  instead  of  a  single-slope 
approximation.  To  help  visualize  the  effect  of  the  change  in  the  approxi¬ 
mation  method,  consider  the  hypothetical  aircraft  noise  spectrum  represented 
in  Fig.  7  by  the  set  of  1 /3-octave-band  sound  pressure  levels  as  a  function 
of  either  the  logarithm  of  the  band  center  frequency  or,  as  here,  the  inter¬ 
national  standard  band  numbers  as  used  in  F.q.  (11). 


V 


i . 1 . 1„  l-LJ-i-.i..,!.,],,!,.!.,.!,-!  .J 

17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40 
INTERNATIONAL  STANDARD  BAND  NUMBER  (50  TO  10,000  H/) 

Figure  7. -Hypothetical  spectrum  of  aircraft  noise. 


In  the  high-frequency  bands,  say  ISBN  =  37  to  40,  the  band-level  slope 
usually  becomes  Increasingly  more  negative  as  frequency  increases.  The 
slope,  however,  rarely,  changes  sign  in  the  very  high-frequency  bands.  In  ' 
the  lower-frequency  bands,  there  often  arc  several  changes  in  slope.  With 
a  single-slope  approximation,  band-to-band  slope  changes  can  cause  anomalous 
rcf-ults  in  calculated  absorpeidn  factors.  Tiie  2-slope  approximation  alle- 
vlat6.s  the  a.iomalies,  though  it  remains  only  an  approximation  to  the  true 
pressure  S)  i.ctral  density. 


F. as  here,  with  the  assumption  that  the  filters  have  ideal  trans¬ 
mission  response,  there  is  no  way  to  recover  the  true  sound  pressure:  spectrum 
at  the  receiver  given  only  the  band  le'^els,  except  for  special  cases  with 
constant-slope  spectra.  Furthermore,  if  the  pov.’er-transmission  response 
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of  the  real  filters  cannot  be  assumed  to  be  that  of  an  ideal  filter  (i.e., 
if  the  filter's  rejection  rate  is  not  higli  enough  in  the  stopbands),  or 
if  the  slope  of  the  sound  spectrum  changes  rapidly  with  frequency,  then  the 
filter  frequency  response  must  be  considered  in  the  calculation  of  atmos¬ 
pheric-absorption-loss  adjustment  factors.  In  such  a  case,  the  problem 
of  estimating  the  true  or  actual  spectrum  of  the  sound  pressure  at  the 
microphone  becomes  much  more  difficult  because  there  is  no  way  to  distinguish 
readily  between  the  effects  of  the  atmosphere  and  the  effects  of  the  filter 
on  tlie  resulting  band  sound  pressure  level.  lleference  7  proposed  an  "iterative" 
method  as  one  possibility,  i'he  "iterative"  method,  however,  would  have 
required  considerable  effort  to  develop  a  practical  implementation  and  was 
net  considered  for  this  study.  Additional  discussion  of  filter  effects  Is 
given  in  the  next  Section. 

Figure  8  illustrates  the  differences  between  using  the  single-straight- 
line  approximation  method  of  Ref.  4  and  the  2-slope  method  of  approximating 
the.  pressure  spectrum.  Tlie  examples  are  taken  from  the  hypothetical  spectrum 
of  Fig.  7. 

Figure  8(a)  shows  two  ca:ie.s  where  the  band  slope  changes  from  negative 
to  positive  over  a  band.  Figure  8(b)  sliows  two  cases  where  the  band  slope 
changes  from  negative  to  more-negative  over  a  band.  Wlien  there  i.s  a  large 
change.  In  noise-level  .slope  over  .i  band,  the  spectral  slope  estimate  based 
on  the  difference  in  band  level  between  that  of  the  band  above  and  the  band 
below  the  band  of  interest  (i.e.,  the  short  dashed  lines  in  Fig.  8)  does  not 
yield  a  good  approximation,  especially  when  the  slope  changes  sign  as 
around  bands  33  and  36  in  Fig.  8(a).  When  there  is  little  difference  in 
band  slope,  as  around  band  38  in  Fig.  8(b),  the  single-line  spectral-slope 
estimate  based  on  the  difference  between  the  level  of  the  band  above  and  the 
band  below  may  be  as  reasonable  as  the  2-slope  approximation. 

When  tlie  pres.sure  spectrum  over  the  passband  of  a  filter  is  approximated 
by  two  straight  line  segments,  the  single  integrals  in  the  numerator  and 
denominator  of  Eq.  (28)  are  replaced  by  the  sum  of  two  integrals  ranging 
.t  roni  fj^  to  and  from  to  f^j.  In  each  f’^equency  range,  the  pressure 
spectrum,  Gj^(f),  is  n|>proximated  by  .a  power  function  of  frequency.  Tlie 
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(a)  OVER  PASSBANDS  0.:^  BANDS  33  AND  36. 


1/3  0CTAVE  BAND  NUMBER 
(b)  OVER  PASSBANDS  OF  BANDS  35  AND  38. 


Figure  8.  Comparison  of  band-slope  estimating  procedures  for  certain  bands  from 
hypothetical  aircraft  noise  spectrum  of  Fig.  7. 

_ Band  slope  procadurt  of  Ref  .  4. 

_ _  Band  slope  procaduie  baaed  on  le\'al  differences  in  adjacent  bands. 


cixponont  (or  the  I  rcqucncy  (the  slope  of  the  line  segment  on  lopnrlthmic 
scales)  is  determined  from  tlie  difference  between  the  level  of  adjacent 
bands.  figure  9  Illustrates  the  jirocess  and  defines  the  applicable  symbols. 
Note  that  at  ^  ~  ~  which  can 

be  factored  out  and  canceled  from  the  ratio  in  Mq .  (28). 


CIvon  these  considerations  tlie  ratio  of  integrals  in  F.q .  (28)  is  written 


as 


NlIMl  +  NUM2 
DFNl  +' nEN2 


f  *  i'  *'  +  f  ^ 

L  '  (i/r  )  '  AK  df  +  i, 
“'1  ,  c  ■  ( 


(f/f  )’  df  +  I,  (f/r  )'  df 

<  I  c 


r. 


u  + 

^  (r/f  )^  Ai^df 

c 

Tii 


(29) 


wiiere  the  pressure  spectral  density  slopes,  and  are  related  to  the 
corresponding  normalized,  non-dimensional  band-level  slojies,  SLb  and  SLU ,  by 

=  Sl.l.  -  1  (30a) 

and 


=  SbU  - 


(30b) 


'I'he  normalized  band- level  slopes  .are 
the  sound  pressure  levels  In  adjacent  bands 


found  from  the  differences  bc'tween 
using 


SLl,  =  IldUr^,)  -  LR(f^_^)]/|  10  log  (RIO) 


(31a) 


and 


SlAI  =  |I.H(f^,^|)  -  LR(r^,)l/|IO  log  (RIO) 


(31b) 


where  LR(f^)  represents  the  sot  of  sound  pressure  levels  at  the  receiver  .and 
Rl'  is  the  band  frequency  ratio  ly/fj*  1/3-octave  bands,  RF  =  10®' 

Tht>  slope  <if  the  line  over  the  lower  half  of  the  first  hand  in  the  set 
is  .assumed  to  be  the  same  as  th.il  (WiT  ilii'  upper  half  of  the  first  band. 
Slmil.irly,  the  slope  of  the  line  over  the  upper  half  of  the  last  band  is 
assumed  to  be  the  same  as  that  over  the  lower  half  of  the  last  band. 
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As  lor  F,f| .  (22),  the  integrals  In  tite  two  numer.ator  terms,  NUMl  and 
NUM2,  In  I'.q .  (29)  were  ev.aluated  using  the  ()SF  numerical-integration  subroutine 


,iiul  llu'  s.iiiu'  mimhi'r  nl'  r  rtMUicm-v  liil  civ.i  Is  in  (••■ii'l)  ii.isslt.im!  ns  del  fiini  ncil 
prov Ions  I y . 

Till'  di’iiomlnator  Lt-rnis,  DI'.NI  .iiul  I)I'1N2,  In  Kti.  ht  rvil  nati’cl 

dirc-*('tly.  By  anaJcj^y  with  thn  duvo I npincnl  ot  l•’(|H.  (12)  and  ( 1  ^)  lor  iho 
evahinliion  of  Eq.  (  J) ,  tlu-  dimomlnator  torms  boconio 

DENI  =  (f  /SI,E)(1  “  (32a) 

c 

iliul 

l)EN2  =  (F  /SLU)(RE^''^^^  -  1)  (32b) 

c 

wlu'H  V*'  y  -I  (nr  .SEE  0)  and  1’.^  ^  -I  (nr  SEll  ^  0),  rnapi''' I  I  a  1  y ,  and 

DENI  =  l)KN2  ^  (t,,/2)  In  (KE)  (33) 

wiinn  P.*'  =  «  -1  (or  SEE  =  SEU  =■  0). 

With  E(|,s.  (32)  and  (13),  .ill  lorin.s  in  Eq .  (2*1)  can  lu’  c,i  1  cu  1  a  t  cd  and 
n.sod  in  Eq.  (28)  to  <lci  onnliu'  the  ;ul  | n.s t nicnt  (.actors  to  he  addc'd  to  tlii’ 
l)and  lovoEs  at  the  nuiolvor  location  to  jtivo  the  (sst  I  mat  i*tl  h.ind  levi'Es  at 
tho  suuroo.  CnniparEson  with  tlu'  known  h.ind  lovcLs  ,it  the  .source  provides 
a  mea.siire  of  the  aeenr.acy  iif  the  process  .nul  tiu’  .appropriateness  of  the 
.approximation  of  tlie  (rue  pressnri*  spectral  density. 

I'lKure  10  .sliows  the  results  ol  applvinK  the  method  over  a  prop.anat  Inn 
distance  of  fiOO  m  and  lor  .i  trui'  sniirce-h.and- 1  eve  1  slope  of  -12  dB/band. 

Start  liut  with  tlie  receiver  h.ind  levels  calculated  for  eltiu'r  70  nr  10-pereent 
lU' 1 .1 1  i  vi'  humidity,  tlie  apiirox  I  in  ate  method  is  si>en  to  provide  .a  vi’ry  j;ood 
estimate  oi  the  true  source  h.aiul  levels. 

Elp.iire  10  .also  indicates  the  true  .at  tenu.at  ion  c.aused  by  atmospheric 
absorption  over  the  600-m  distance  (ES  -  ER^lj  or  ES  -  ERj^^  lor  the  70  .and 
10-percent  relative  humidity  conditions)  .as  well  as  the  ex.act  test-to-refi'r- 
taice-day  adjustment  factor  -  EE|(|. 

llie  m.a)>n  1  tiulc  el  the  d  1  1  I  I'naices  l-.etWi-en  the  ex.act  .and  the  .approx  i  m.i  t  e 
souri’c  h.ind  levels  is  shown  in  I'le,.  II  lor  tlu'  three  prop.upat  ion  dist.ini  t'S 
and  the  4-1  and  -12  dB/band  slopes.  The  l.arp.est  differences  .are  in  the  lO-Hlx 
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Figure  10.  Example  of  determination  of  (1)  attenuation,  (2)  accuracy  of  approximate  band- 
integration  method  of  calculating  atmospheric  absorption,  and  (3)  exact  band-loss 
adjustment  factor  from  test  (10%  relative  humidity)  to  reference  (70%  relative 
humidity)  meteorological  conditions.  Air  temperature  is  250C;  air  pressure  is  1.0 
standard  atmosphere;  spectral  slope  at  the  source  is  -12  dB/band;  ideal  filters; 
sound  propagation  pathlength  is  600  m;  no  geometric  spreading  loss. 

•  Attenuation  by  atmospheric  absorption  =  LS  -  LR70  or  LS  -  LR^q 

•  Accuracy  of  approximate  method  »  LSiq,  10  -  LS  or  LSyg  70  -  LS. 

•  Exact  band-loss  adjustment  factor  =  LR70  -  LRiq- 


TRUE 

REL.  SOURCE 
HUM..  SLOPE. 
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band,  probably  bc’caiisi'  of  tlto  cxl  rapol  at  Ion  of  tlio  sIojk'  ovor  tlio  lower 
ball'  of  tlie  bniul  to  tiu*  upper  half  of  the  band. 

Nep.leet  iiiK  the  d  1  f  fiTiuiees  in  tile  l(1-kllz  band,  the  approximate  method 
l.s  seen  to  always  ^;tve  an  I'stlmaLc  for  the  source  band  level,  that  Ls  eitlier 
eciual  to  or  sllpjitly  greater  than  the  true  source  band  levels,  the.  larger 
differences  occurring’  for  the  much-more-absorptive  10-perc.ent-relat lve~ 
bumidlty  conditions.  l'’or  the  70-percent  conditions,  the  difference  between 
the  estimated  and  the  exact  band  level  was  never  more  tlian  0.2  db  and  usually 
w.as  0.0  lib.  I'or  the  lO-percent  humidity  conditions,  the  l.ir^est  dirferences 
occurri'd  In  the  '‘i-kllz  hand  but  did  not  exci-ed  l.A  tib  over  thi'  OOO-m  distance. 

As  a  matter  of  Interest,  the  calcul.atlons  of  source  band  level  for  /ill 
the  cases  shown  In  I’lp,.  II  were  performed  twice,  oncc‘  with  the  QSl' 
mime  r  Ic/i  I  -  1  ntep.r/it  1  on  method  .and  once  with  the  c  loKed-form-inteKral-summatlon 
method  of  Rel.  h  rep  rop, rammed  for  this  app  1  Ic/it  ion .  Identical  results  were 
obt/ilnod  /IS  they  were  for  the  c/il  cu  I  .at  ions  of  receiver  band  levels. 
There/ifter,  only  the  iJS’l’  suhrmitlne  was  used  for  ev/iluatliiK  the  intef.’ra]s 
In  /I  c/ilcul/it  Ion  of  the  /itlenuation  over  the  propagation  path. 

Approximation  of  Source  Band  Levels  by 
Dand-Center-Frequency  Method 

Tlip  very  p.ood  /iprei’ment  in  I’tyt.  11  between  the  exact  source  band 
levels  .and  souree  h/iiul  levels  estim.ated  nsinn  Eqs.  (27)  /md  (2H)  w/is  anti- 
elp/ited  slneo  the  reei'lver  h.and  levels  h.ad  been  c.alcul/ited  usln^  Ideal 
filters  .and  the  pressure  spectr.al  density  at  the  receiver  was  closely 
npproxim.ated  by  the  two  constant-slope  lines  over  the  lower  and  upper  halves 
of  e/ich  p/issh/uul. 

Since  SAE  AKI’KbbA  uses,  essentially,  a  hnnd-centcr-f rcquency  method, 

/!  n/itural  question  w/is  how  well  would  .a  band-center-f reqiiency  method  approxi- 
m/ite  the  .a  t  temi.a  t  I  on  over  tlie  prop.a>'.at  Ion  p/itli. 

llius,  InsLo/ul  of  ev.il  u.at  Inp,  .an  Intep.r/il  to  detormlne  the  /ittemi/iL  ion 
over  the  patlilen^tli ,  tin.'  souree  b.and  levels  were  simply  ea  I  e.ul/i  t  od  from 


inSd  )  =  i,K(r  )  +  |,i(i  )  iii'Di  ( I'd 

(’  r  r 

wluTi’  <1(1^, )  In  tilt'  .'iLinoMiilu' r  I  ('  .iliHnriil  Ion  cocl  I  Ic  lonl  .il  llii'  li.itid  ci'nlor 
r ri'<|iK'ni'y .  Absorption  cocfl  Ic* louts  wero  ilotoniilnod  by  tbo  niotluul  ol  ANSI 
SI. 26-1978  at  tho  exact  band  center  frequencies  determined  from  Kq .  (11). 

Comparisons  of  the  differences  between  source  band  levels  CcSlculatcd 
from  Eq.  (34)  and  the  exact  source  band  levels  are  shown  in  Fig.  12.  The 
differences  are  significantly  larger  than  the  corresponding  differences  in 
Fig.  11  for  the  band-integration  method.  Note  that  two  different  ordinate 
scales  wore  required  as  they  were  for  Fig.  11. 

Tlio  (11  f  roreiicti  between  the  exact  source  band  level  and  the  source  band 
level  estimated  using  Eq.  (34)  Increases  as  the  slope  of  the  siiectruni  at 
the  receiver  Increases,  i.e.,  as  the  source  spectrum  slope  Incrc'/ises,  as 
the  propagation  distance  Increases,  and  as  the  atmixspher 1 c  conditions  become 
more  absorptive.  The  reason  for  this  result  is  that  the  attenuation  /it  the 
hand-center  frequency  becomes  a  poorer  .and  poorer  estlm/ite  (jf  the  true 
attenuation  as  the  slope  .steepens  bec/uise  the  aetu/il  /ittenuatlon  over  the 
frequency  range  of  the  filter  p/isshand  is  determined  by  frequencies  near 
the  lower  b/indeclge  frequency  for  steep,  negative  spectr.al  slopes,  The 
true  attenu.itlon  is  less  /it  the  lower  b/mdedge  frequency  than  at  the  band 
center  frequency,  'fliis  observ/it  Ion  Is  the  basis  for  the  use  in  SAE  ARP866A 
of  the  nominal  lower  bandedge  frequency  Instead  of  the  nominal  band  center 
fre<iuency  for  calculations  applicable  to  the  5-ktla  to  lO-kHz  bands. 

The  results  in  Fig.  12  also  indicate  that  if  the  spectrum  is  not  too 
steep,  or  the  prop.agat  ion  distance  not  too  long,  or  the  atmospheric  conditions 
not  Loo  /ibsorptlve  (or  not  too  different  from  reference  conditions),  then 
tlie  band-center  frequency  method  is  capable  of  cstlm/itlng  the  true  attenua¬ 
tion  wltliin  1  to  2  dB  for  b/md  center  frequencies  as  high  as  5  to  8  kHx 
cic'penfiing  on  conditions.  The  levels  in  the  5  to  lO-kHx  hands,  moreover,  are 
often  so  low  that  they  are  below  the  level  of  the  background  noise  and  hence 
cannot  he  me.isured  with  current  Instruments.  Tlius,  although  not  as  accurate 
as  the  band- 1  ntegrat ion  method,  tho  li.nnd-center-f requency  method  may  be 
adequ/ite  in  many  practical  situations. 
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Figure  1 2.-Similar  comparisons  of  ability  to  accurately  calculate  atmospheric  absorption  over  a  sound  propagation  path  as  in 
Fig.  11,  except  that  absorption  factor  for  band  sound  pressure  level  is  determined  only  at  the  center  frequency  o1 
the  ideal  filters  instead  of  by  integration  over  the  frequency  range  of  the  passband.  Air  temperature  is  25°C;  air 
pressure  is  1.0  standard  atmosphere. 


Approximate  Test-to-Reference-Day 
Band-Level  Adjustment  Factors 

ITie  excict  value  for  the  factor  to  be  added  to  the  receiver  band  levels 
for  the  10-porcent-relative-humidity  test-day  conditions  In  order  to 
determine  what  the  receiver  band  levels  would  have  been  on  a  70-percent- 
relative-humidity  reference  day  was  found  from  the  difference  In  the  exact 
values  of  the  attenuation  over  the  propaRation  path  undei  the  two  atmospheric 
conditions . 


'Ulus,  from  Kq.  (24),  the  exact  band-adjustment  factor  can  be  written  as 

(35) 

(36) 


HA  ^  *  ntt,_  .  -  att,,,  , 
exact  10, exact  70, exact 


^^^exact  "  ^''So,exact^  ~  ^^'^exact  ~  '''^70,exact^ 
exact  exact 


(37) 


for  the  known,  exact  source  band  levels  witli  tlie  results  as  shown'  In  I'lR.  6. 

However,  if  we  start  with  the  exact  receiver  band  levels  for  the  simu¬ 
lated  test-day  condition,  LR,„  and  calculate  the  approximate  attenua- 

lU, exact 

Lion  over  the  I'/ath  for  lO-porcont  and  70-percunt-relntlve-luimidlty  conditions 
in  order  to  estimate  what  the  source  band  levels  would  have  been  under  the 
two  atmospheric  conditions,  then  the  approximate  band-adjustment  factor  from 
test-to-reference  conditions  can  be  determined.  By  analoRy  with  the  calcula¬ 
tion  for  the  exact  band-adjustment  factor,  the  approximate  band-adjustment 
factor  Is  found  from 


j 

s 

1 


^^^approx  **  10,  approx  ^*'*'70, approx 

^^^10, 10, approx  ^"''So.exnct^ 

^*''''’7n,  10, approx  ^'*Sn,cxnct^ 
^^10, 10, approx  '^^70,  10, approx 


(38) 

(39) 

(40) 


where  the  subscript  10,10  means  that  the  source  levels  are  computed  for 
10-percont  rel.itlve  humidity  start  inp,  from  receiver  levels  for  a  10-percent- 
humldlty  atmosphere  while  the  subscript  70,10  Indlt^ntes  source  levels 
calculated  for  a  70-perceiU  humidity  atmosphere  but  starting  from  the  same 
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i's;u't  rt'i'i'lvi*r  h.ind  U'Vi'Ks  I'ali-ul.iHul  lur  llu'  lO-pi'n'i-iil-liuiDld  1 1  v  I'nml  1 1  i  nn . 
Air  Li'nipi’r.'ituirc  .'ind  prcssurt'  .'iri*  con.sl  .'iiit  'Or  .ill  I'.i  I  cu  1 .1 1  1  omm  . 

Kigurc  13  present.s  .-in  example  of  the  cnleulatlnn  of  approx tm.itc  band- 
adjustment  factors  for  the  samti  600~m  propagation  distance  and  -12  dB/band 
exact  source  slope  shown  in  Fig.  10.  Attenuation  over  the  path  was  deter¬ 
mined  by  the  band-integration  method.  The  magnitude  of  the  exact  and  approxi¬ 
mate  band-adjustment  factors  is  indicated  for  tlic  10-kHx  band.  The  subscripts 
approx  and  exact  have  been  emitted  in  the  figure. 

A  measure  ol'  Llu>  .iccuracy  of  a  method  of  accounting  for  atmospheric 
absorption  over  a  prop.ag.it  ion  p.ith  is  given  liy  tlu‘  difference  between  tlie 
approximate  .and  tlie  exact  band-adjustment  f.actors,  I’.qs.  (40)  and  (37). 
l''or  the  example  shown  in  Fig.  13,  tills  difference  is  sliown  to  be  1.1  dB  in 
the  lO-kllz  band. 

Calculations  of  approximate  band-adjustment  factors  and  comparisons 
with  the  corresponding  exact  band-adjustment  factors  were  made  for  the 
three  propagation  distances  and  for  the  +1  and  -12  dB/band  true  source- 
spectrum  slopes.  Attenuation  over  the  path  was  calculated  by  the  band- 
integration  method  and  by  the  band-cHinter- f requoncy  method. 

Figure  14  summarixes  the  results  of  those  calculations.  The  data  in 
I'Mg.  14  confirm  the  triuids  from  •'"igs.  11  and  12  which  indicated  th.it  the 
band-integration  method  provides  a  more-accur.ite  c.il  cul  at  ion  of  attenuation 
over  the,  path  tiian  the  band-center-f requency  method.  Note  that  three 
different  ordinate  sc.iJes  are  used  In  Fig.  14.  Note  also  th.at  the  approxi¬ 
mate  adjustment  factor  is  almost  always  greater  than  the  exact  adjustment 
factor;  the  small  negative  values  shown  in  the  figure  are  tlie  re.sult  of 
round-off  errors. 

A  summary  of  the  range  of  the  largest  differences  between  the  approxi- 
m.'ite  and  the  exact  adjustment  f.ictors  is  shown  below  for  the  two  methods  of 
calculating  attenuation  and  the  three  propagation  distances. 
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Figure  13. -Example  of  determination  of  exact  and  approximate  band-loss  adjustment  factors  for 
differences  in  atmospheric  absorption  under  test  (10%  relative  humidity)  and  reference 
(70%  relative  humidity)  conditions.  Air  temperature  is  25°C;  air  pressure  is  1.0 
standard  atmosphere;  spectral  slope  at  the  source  is  -  12  dB/band;  ideal  filters;  sound 
propagation  pathlength  is  600  m;  no  geometric  spreading  loss. 

Approximate  band-loss  adjustment  factor  for  receiver  levels  under  10%  relative  humidity 
is  (LS  -  LSyj,  ).  Exact  band-loss  adjustment  factor  is  (LR^q  -  LR.,q). 
Comparison  of  the  difference  for  the  10  kHz  band  for  this  example  yields 
:LS,o  10  -  LS  70_10>  -  -  LRiq)  =  <58.8  -  (-58.1))  -  (9.0  -  (-106.8))  = 

116.9  -  115.8=  1.1  dB. 
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at  tenua  Lion 
ca  1  cnl.a  tinn 
method 
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Hie  error  in  the  calculation  of  attenuation  by  the  band-integration 
method  is  larger  for  the  +1  dB/band  source-spectrum  slope  than  for  the 
-12  dB/band  slope,  a  result  also  shown  in  I'ig.  11  for  calculations  of 
source  band  levels. 

Kor  the  band-center-f requency  nu-thod,  tlie  error  w.is  larger  for  tlie 
steep,  -12  dB/band  slope  than  for  the  +1  dB/band,  white-noise  source  spectrum, 
a  result  wliich  Is  consistent  witli  the  trends  in  Tig.  12. 

As  a  furtlier  observation  from  tlu*  results  in  Big.  liit,  we  note  that, 
lor  a  specified  level  iif  toli'rable  accur.acy ,  the  band- Int  e|',ral  Ion  method 
Is  able  to  satisfy  tlie  criterion  to  lilgher  1  requeue  les  than  Is  the  hand- 
center- frequency  method  for  any  comb  Inat  i(m  of  propagation  dist.ince  .and 
source  spectrum  .slope;. 

As  a  final  rem.ark,  we  reiter.ate  tlie  comment  made  earlier  that  although 
the  band-lntv!gratlon  method  appears,  on  the  basis  of  the  analyses  presented 
licre,  to  be  gener.ally  more  accurate  than  the  band-center-frequency  method 
(significantly  so  In  manv  cases),  the  greater  accuracy  may  be  of  limited 
practical  consequence  when  differences  in  atmosplier ic  absorption  are  judged 
in  terms  of  psyclioacoust  ic  dc'scrlptors  or  time-integrated  measures  such  as 
pc’rco i vecl  noise  level  or  sound  c'xposure  level. 


3.  EFFECTS  OF  NON-IDEAL  FILTER  CHARACTERISTICS  ON 
CALCULATIONS  OF  ABSORPTlON-ADJUSTMf.NT  FACTORS 


All  Llif  iin.il  ysi'fi  111  i1h>  provlmis  Siii'lliin  wi'ri’  lu'rlornu'il  muli'r  llu’ 
asKuinpt.  Ion  that  tlia  1/ i-octnvL’-bar.cl  filters  in  tiu’  no  tse-nieasiironioiU  systi'iii 
at  the  receiver  location  liud  the  power-transmisKion-responsc  cliaracterist ics 
of  an  ideal  filter.  A  real,  or  practical,  filter  lias  response  characteris¬ 
tics  that  approach  those  of  an  ideal  filter.  The  most-important  difference, 
for  atmospheric-absorption  .analysos,  is  that  the  practical  filter  has  finite, 
rather  than  Infinite,  rejection  at  frequencies  in  the  stopbands  below  the 
lower-bandedRe  and  above  the  upper-b.-indedye  f reciuenc ies .  In  thi.s  Section, 
wo  examine  some  of  the  effects  of  nan-ideal  filter  characteristics  at  the 
receiver  on  atmospherii'-ahsorpt  ion  calculations. 

Filter  Transmission  Response 

An  Ideal  filter  has  a  rel.uive  power-tr.Tnsmiss  ion  ratio  or  power  transfer 
function  (1.0.,  the  ratio  of  the  power  transmitted  at  some  freriuency  to  the 
power  transmitted  at  the  hand  eenter  Iretiueney)  of  1.0  in  tlie  filter  pass- 
hand  and  0.0  in  the  stopbands  on  i-ach  side  of  the  p.issbancl .  It  was  this 
characteristic  that  permitted  the  express  Jons  for  de Lermlninp,  levels  in  the 
previous  Section  (e.K*.  (‘O  and  (18)1  to  he  liitej>rnted  only  over  the  pass 

band  fre(|uency  ranp.e  from  f^  to  f^  r.ather  than  over  the  infinite  range  from 
0  to 


i’ract  ical  1  / l-oi' la ve-h.ind  filters  (analog  or  digital)  are  designed  to 
complv  with  the  (Hass  II  or  Class  III  requirements  of  national’’  and  inter¬ 
national"  standards.  Class  IN  requirements  .ire  more  stringent  than 
Class  1!  rec|  111  rement  s .  Very  fi»w.  If  .uiy,  Cl.-iss  II  1  /  i-octave-band  filters 
;ire  used  to  an.alyxe  alrcr.iit  noise  nie.isuremcnts .  Most,  if  not  all,  of  the 
1  /  3-oc  t  a  ve-bancl  filters  currently  bi'lng  manufactured  are  designed  to  meet 
till’  ANSI,  or  ICC!,  Class  III  requirements. 

Till’  Class  III  rei|  II  i  lei'ieni  s  specify  such  properties  as  the  ex.act,  or 
design,  hand -renter  freriuency,  the  tolerable  ripple  In  the  passband,  the 
rejection  rate  In  the  stopbands,  and  the  effective  noise  bandwidth.  The 
effective  noise  bandwidth  defines  tlu‘  relative  filter  response  at  the  lower 


and  upper  bandedge  frequencies  auch  that  the  filter  will  transmit  the  same 
power  as  an  ideal  filter  excited  by  a  broadband  electrical  noise  signal 
having  a  wliite  noise  spectr\tni. 


llie  analyses  in  Refs.  9  and  10  showed  that  tlie  bandwidth  error  for 
filtering  of  white  noise,  was  minimized  when  ti\e  relative  response  of  a 
practical  filter  was  down  A.  5  dll  at  the  bandedge  frequencies  with  a  passband 
relative  response  of  0,0  dR. 

Appendix  H  of  ANSI  Sl.2b-197H  contains  a  discussion  of  guidelines  for 
evaluating  tlie  atmospheric  absorption  lo.ss  of  broadband  sound  analyzed  by 
practical  filters.  Table  H- 1  of  Appendix  K  contalt^s  an  etjuatlon  wlitc.h 
approximates,  Init  Is  slightly  more  conservative  than,  the  minimum  transmis¬ 
sion-response  reciuircments  for  a  Class  111  filter.  lllie  maximum  transmission 
response  Is  that  of  an  Ideal  filter, ) 

The  equation  for  the  relative  power  transfer  function,  1(1),  from 
Table  M-T  of  ANSI  Si.  2ft  Is 

t(f)  =  ja  +  h  |(cf/r^.)  -  (cf/r^.)-'  1^"'  (^1) 

and  the  co rresiKind 1 ng  expression  for  tlu'  filter  transmission  loss,  in  decibel 
Is 

T(r)  10  log  h  (f)  1.  (A2) 

The  constants  a,  b ,  and  c  In  I'.q .  (41)  have  specific  values  applicable 
to  the  frequency  ranges  defined  for  the  stopbands  and  the  passband.  Values 
j’iven  In  Refs,  ft  and  H  for  b  and  c  were  modified  slightly  in  Table  K-1  of 
ANSI  SI. 26  in  order  to  satisfy  the  requirement  for  a  transmission  loss  of 
-4.5  dR  at  the  exact  bandedge  frequencies. 


’llie  coefficients  are  defined  In  Table  E- 1  of  ANSI  SI. 2ft  for  Class  III 


1  /  l-oc  t  ave-haiul  filters  as; 

1  i  1  ter  1  fequency  region 

lowi’i"  stopband:  0.1  •  f/l  •-  f,/t 

c  l 

passh.md:  f,/f  f/f  <  f  /f 
1  c  c  2  c 

upper  stopb.ind:  f./f  <  f/f  <  10 
Z  v  c 


c  oo  f  f  1  c  1  c'  n  t 

a 

c 

8/n 

254  7 

IQ-i/eo 

1 

0 

— 

8/n 

2547 

1q1/60 

4ft 


where  the  special  frequencies  ^  ^  c.  0.0-dB 

transmlss ion- 1  OSS  rep, Ion  for  the  pnssband.  Tlie  special  relative  frequencies 
have  the  values 

f,/f  -  10"‘/^“  -  0.9261  (43n) 

and 

f^/f^,  =  '■  1  .0798.  (43b) 

Us  1  up,  the  value.s  for  the  coi‘ I  f  I  c  louts  plveti  aliove,  the  transmission 
loss  In  the  stopliancls  at  tlie  ri'latlve  bandedpe  f  reciutmc  les  10"’^^"  and 
10*^''®  ll'lqs.  (8)  -  (10)1  has  the  value  of  -4.47  dll  (or  a  power  t raitsnil sslon 
ratio  of  ().r)7). 

Flpure  15  shows  (romparlsons  of  the  transmission  response  calculated  using 
Kqs.  (41)  and  (42),  the  minimum  transmission  loss  permitted  for  ANSI  Class 
in  filters,  and  the  transmission  response  of  .an  ideal  filter.  Figure  15(a) 
presents  the  comparl.sons  on  lop.arl  tlunlc  scales  to  emphasiite  the  differences 
In  the  filter  responses  over  the  two  dec.ides  of  the  stopband  frequency  re¬ 
gions.  Figure  15(b)  shows  tlu*  response  on  llne.ir  scales  in  order  to 
emiihaslzo  the  differences  at  f reeiuenc ies  around  the  specl.’il  relative  fre¬ 
quencies  of  Kq .  (43)  .and  the  rid.ative  b.andedge  frequencies  at  f/f^  =  0.8913 
anti  1.1220.  Ftpuitlons  (41)  and  (42)  .are  seen  to  provide  .a  good,  somewhat 
conservative,  prediction  of  the  minimum  ANSI  Class  111  requirements.  Note 
that  the  curve  In  Fig.  15(b)  for  the  equation  from  'fable  F-1  of  Appendix  F. 
of  ANSI  SI. 26  crosses  the  ide.i  1- f  1 1  ter  line  tit  a  rel.atlve  power  tr.ansmlsslon 
ratio  of  0.357. 

The  point  ol  this  discussion  hcs  been  to  clarify  the  differences  between 
ANSI  Cl.iss  ill  1  /  3-oc  t  .1  ve-b.ind  filter  requirements,  Ideti  1  -  f  i  1  te  r  response, 
aiul  the  Miter  response  preilliteil  by  Fqs.  (41)  ,ind  (42).  'ITic  next  issue  is 
how  well  ihu's  the  response  of  .actual  filters  comp.are  with  the  ANSI  require¬ 
ments  or  the  predictions  ol  F,{|s.  (41)  and  (42). 

At  the  pre.sent  time,  most  I  /  l-tict.ive-b.ind  .in.al'.'ses  of  .alrcr.ift  flyover 
noise  measurements  .are  m.iile  using  one  of  three  models  of  .a  real-time  analyr.er 
having  several  contiguous  filters  In  p.irallel:  the  Hewlett-Packard  Model 
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Figure  16.-Power  transmission  response  of  1 /S-octave-band  filters. 

—  Minimum  TL  for  ANSI  Clan  III:  »  —  Eqt.  (41)  &  (42I  Ideal  filter 


8054A,  the  Gen  Rad  Model  1921,  <ind  the  Brliel  and  Kjaer  Model  1131.  Of  these 
three,  the  GR  Model  192]  probably  has  been  the  most-widcly  used. 

Response  data  on  a  representative  sample  of  each  Instrument  were  obtained. 
Design  specification  data  for  the  GR  1921  were  also  obtained  and  compared 
wltli  tlie  measured  response  data. 

The  HP  8054A  and  the  GR  1921  (wliich  incorporates  the  GR  192S  multifilter) 
use  analog  devices  for  the  filters  ;ind,  unless  carefully  adjusted,  there 
can  be  small  differences  between  the  response  char.icter^stlcs  of  individual 
filters  In  a  set  of  contiguous  filters  as  well  as  between  different  Instru¬ 
ments  of  tlie  s;ime  model.  Tlic  llf»K  21  11,  lutwever,  uses  fllgital  Mitering  /md 
all  filters  In  all  Instrami'iit  n  shoiilil  havi‘  the  same  response  clii'i  rae  ter  I  s- 
t  Ics . 


Figure  16  shows  a  com[)ar(aon  between  typical  f lltei-response  data  and 
the  response  calculated  from  Mtis.  (Al)  and  (42).  In  the  lower-stopband  region, 
the  typical  response  data  for  all  three  real-time  analyzers  are  better  (by 
as  much  as  7  dll)  titan  tlie  response  (’..•ilculated  from  llqs.  (41)  and  (42).  For 
the  upper-stopland  region,  the  typical  response  data  are  either  equal  to,  or 
slightly  better  than,  the  response  from  Kqs.  (41)  and  (42). 

Since  the  eomparlsons  in  Fig.  1 1  showed  that  re-sponse  calculated  from 
Kqs.  (41)  and  (42)  was  slightly  bettor  than  the  ANSI  Class  111  requirement, 
and  since  the  typical  re.i I - 1 Imo-anal yzer  filter-response  data  were  slightly 
hotter  than  the  calculations  of  Rqs.  (41)  .and  (42),  the  actual  practical 
filters  must  meet  the  ANSI  Class  III  requirements.  Also,  the  response  of 
an  actual  1 / 3-oc lave-band  filter  seems  to  be  very  well  approximated  by  Eqs. 

(4  1)  aud  (42)  using,  the  coefficients  listed  above.  Thus,  the  typical  practical- 
IlltiT  response  as  predlcleil  from  K(|s.  (41)  and  (42)  was  considered  satls- 
lacti'ry  for  use  iu  calculating  sound  pressure  levels  at  the  receiver  location. 
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Figure  16.-Transmiiiion-loss  response  characteriitict  of  1/3>octave-band  filters  in  real 
time  analyzers  compared  with  response  calculated  from  'practical-filter' 
transmiuion-response  equation;  f.  is  band  center  frequency. 


Spectra  at  the  Source 


In  order  to  calculate  the  1 /3-octnve-band  sound  pressure  levels  at  the 
receiver  It  was  necessary  to  modify  the  sound  pressure  spectrum  at  the  source 
from  that  used  in  the  previous  Section. 

llie  power  spectrum  of  the  pressure  shown  in  Fi^.  I  would,  theoretically, 
apply  to  any  frequency.  For  ideal  filters  there  was  no  concern  about  contri¬ 
butions  at  fre()uencies  outside  tl>e  ]>.issband  because  of  tlie  Infinite  rejection 
In  the  stopbands.  A  practical  filter,  luiwcvcr,  can  have  significant  contribu¬ 
tion  from  the  stopbands  and  therefore  it  was  necessary  to  modify  the  low- 
frequency  portion  of  the  source  sj)ectrum.  There  was  no  need  to  be  concerned 
about  the  hlKh-frequency  portion  of  tlie  source  spectrum  since  the  high-fre¬ 
quency  spectral  slopes  were  all  negative,  or  at  most,  flat.  Tlie  decreasing 
high-frequency  pressure  spectrum  In  combination  with  the  decreasing  high- 
frequency  filter  response  assured  minimal,  or  negligible,  upper-stopband 
contr ibut Ions . 

Since  from  Figs.  15  and  16  tlie  1  ow- frequency  part  of  tlie  lower-stopband 
response  has  an  effective  slope  of  about  -7  to  -8  dB/band,  any  sound  pressure 
sptM^Lrum  that  Ini'reascs  In  the  lower-sioplianri  region  of  a  flltc'r  by  more  than 
+8  dB/band  will  ultimately  transmit  power  faster  than  the  filter  can  reject 
It,  In  such  a  situation,  the  power  from  the  lower-stopband  region  can  exceed 
that  from  ttic  passbnnd.  Ilie  converse,  of  course,  could  be  true  for  the  upper- 
stopband  region  and  Indefinitely  rising  sound  pressure  spectra. 

To  preserve  a  seiisi’  of  nmllsm  lii  the  calculations,  tlie  sound  pressure 
spectra  of  Fig.  I  were  extemli'd  ilown  to  the  lower  handedge  frequency  at  one 
liand  lu’low  tlic  hand  ccnlcri'd  at  1000  llz,  l.e,,  using  F.qs.  (7),  (9),  (1), 
and  (II),  down  to  a  frequency  given  by  lo’  •  RF"'  •  RF”°‘*  ■  10^'®®  =  ^07.946  Hz. 
Below  lO'’*®’  Hz,  tile  pressure  spectra  were  maintained  at  a  constant  value 
defined  by  the  value  of  tlie  pressure  spectrum  at  10^  Hz.  A  flat,  low- 
frequency  pressure,  spectrum  (ratlicr  than  a  decreasing  one)  was  selected  because 
many  jet-powered  aircraft  linve  ratlier-flat  low-  and  mid-frequency  spectra. 

Figure  17  shows  the  source  spectra  that  were  developed  on  the  basis  of 
the.  preceding  analysis.  The  absolute  value  of  the  pressure  spectral  density 
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.'It  1000  11/  li.'is  tlie  sumo  value  (10^  I’a^/H/)  .ns  used  In  Fin.  1  for  the  ideal- 
filter  calculations.  The  values  of  Oj^Cf)  at  frequencies  below  10^*®^  H/ 
are  given  on  the  figure. 

The  1/ 3-ootavc-band  sound  pressure  levels  at  the  source,  LS,  are  the 
same  as  sliown  in  Fig.  2  for  tlie  11  bands  between  1000  and  10,000  Hz.  There 
Is  no  change  in  the  true  source  hand  levels  bec.ause  the  actual  filters 
are  considered  ..o  be  located  only  at  the  receiver.  The  true  source  band 
levels  are  always  chose  tl\.'it  would  be  obtained  with  Ideal  filters. 

Spectra  at  the  Receiver 

Ignoring,  as  In  the  previous  Section,  any  change  In  tlie  amplitude  of 
tlu,'  sound  pressure  as  a  result  of  si)readlng  the  source's  acoustic  power  over 
increasingly  larger  surface  are.'is  as  propagation  proceeds  from  tlu*  source  to 
tlie  receiver,  the  hand  levels  at  the  receiver  location  were  calculated  using 
the  same  basic  Fourier  transform  relation  as  was  used  In  Eq .  (18)  but  inclu¬ 
ding  the  filter  power  transfer  function  rif)  from  Eq .  (^1)  and  Integrating 
over  all  positive  f  re(|uencit'S . 


Thus,  with  the  response  of  a  pr.'ictical  filter  at  the  receiver,  the 
hand  levels  are,  theoretically,  to  bo  found  from 


I.R  =  10  10>: 


‘'l[/ 


|o,^(r)  II  1(f)]  df 


]A?e,f  } 


wher.’  •'i^(r)  1m  still  rel.'itod  to  the  source  spectrum  ^'g(r)  fas  defined  in 
Fig.  17]  by  Fq,  (17)  and  AF  (F)  Is  still  determined  by  Eq .  (21)  for  uniform 


atmosplicr  1  c  cotul  1 1  Ions  . 


The  transmission  response  of  a  practical  filter  is  defined,  as  noted 
above,  over  the  frequency  range  from  f/f^  “  0-1  to  f/f^  “  10. 0.  At  the 
stopband  limiting  frequencies,  the  response  is  down  approximately  94  dB  (or 
hy  a  factor  of  10  "  )  from  the  response  at  the  band  center  frequency,  see 
I’ig.  15(.'i). 
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With  tlu*  llmlt.'ition  <'n  tlu*  1  roqucncy  range  of  appl  Ic'.'ihll  Ity  associated 
with  the  choice  of  the  definition  of  i ( f )  from  Table  E-I  of  ANSI  SI. 26-1978 


and  making  use  of  Eqs.  (1),  (17)  and  (21),  the  working  expression  for  the 
sound  pressure  level  at  the  receiver  in  some  1 / 3-octave-bnnd  can  be  written 


as 

LR  -  10  los 

+  10  [(f/fj)*'  ][lO‘l“*'’>  '][T(f)]df|  (45) 

which  can  be  compared  with  Eq.  (22)  for  ideal  filters. 

The  integral  in  Eq.  (A5)  must  be  evaluated  numerically.  Tlie  QSE 
numerical-integration  subroutine  was  again  selected  to  perform  the  evalua- 
t  ion . 


One  way  of  accomplishing  the  ovnlu.atlon  would  he  to  adoi)t  the  approadi 
used  In  kef.  3  and  break  the  frequency  range  Into  tliree  parts:  lower  stop- 
band,  passband,  and  upper  stopband.  Each  subrange  would  be  further  divided 
into  a  number  of  intervals  and  the  contributions  from  each  subrange  calcu¬ 
lated  separately. 

'Hie  contribution  in  the  passband  from  fj/f^  to  ^  2^  ^  c'  ‘ 

would  be  calculated  first  and  used  to  define  a  reference  value.  Tlien  the 
contribution  from  each  stopband  would  be  calculated  -•  that  from  the  upper 
stopband  proceeding  from  ^2^^^  ^^^c  ”  that  from  the  lower  stopband 

proceeding  toward  lower  frequencies  from  f,/f  to  f/f  =  0.1.  The  advantage 
of  this  approacli  is  that  the  passband  reference  value  can  be  used  to  define 
a  convergence  test  which  can  be  used  to  shorten  computation  time.  At  each 
step  over  the  intervals  in  the  stopbands  the  calculated  value  of  the  inte¬ 
grand  can  be  compared  with  a  specified  fraction  of  the  passband  reference 
value  (1/lOOOth  of  it,  for  example)  and  the  calculations  can  be  terminated 
when  an  integrand  value  becomes  less  than  the  specified  fraction  of  the 
passband  reference  value. 

Breaking  the  integration  range  into  three  subranges  and  making  use  of 
some,  type  of  convergence  test  would  save  •computation  time,  especially  for 
the  upper  stopbands  where  the  absorption  function  decreases  with  increasing 


1  rv’(|U('n('y  I'or  pruiiiiivit  Ion  I  roni  llu'  sourci-  to  t  1h‘  rnci’lvor  ,iiul  wlu'i'c  I  lu'  soninl 
pressurt!  spcv^trum  ^miction  also  doc'cnscs  with  incriMS  inn  I'riniuoni'y 

for  three  out  of  the  four  values  selected  lor  9,^,  The  convergence  test  is 
based  on  a  predetermined  judgment  of  when  to  stop  the  integration.  The 
judgment  is  based  on  the  assumption  that  the  next,  and  subsequent,  contribu¬ 
tion  in  the  stopband  only  provides  a  negligible  amount  to  the  total  value  of 
tlie  integral. 

Tile  1-stibrango/c.onvergenco-tost  procedure  of  Ref.  '1  was  not  used  to 
evaluate  Kq .  (45)  because  the  effort  needed  to  define  a  meaningful  conver¬ 
gence  test  would  have  exceeded  the  savings  in  computation  cost.  Also,  for 
many  easi’s  examined  liere,  the  contribution  at  successive  steps  oviT  the  lower 
stopliaiul  iK’caim'  succc’ss  i  ve  I  y  larger  ratlier  titan  smaller  heeause  tiu'  product 
of  the  pressur(!-spoct rum  funetlon  and  the  absorption  function  increased 
faster  tlian  the  filter  transmission  i unction  decreased.  Indeed,  for  one  of 
the  atmospherii'  conditions  examined  and  for  the  band  centered  at  10,000  llz 
with  a  source  slope  of  -12  dll/band,  the  value  of  the  integrand  at  the  end  of 
the  lower  stopband  at  f  =  f^, /lO  =  1000  Hz  was  larger  by  a  factor  of 
approx! mate  1 ,  3  x  lO''  than  it  was  at  the  band  center  frequency. 

TIk'  procedure  that  was  adopted  was  the  straightforward  approach,  similar 

to  tluit  used  in  evaluating  Hqs .  (22)  and  (29),  in  whicli  the  entire  fre- 

c|ucm'y  r/iiigr,  lOf^  -  (f^^lO),  was  just  divided  into  a  number  of  intervals 

ami  the  numerical  lul  eg.rat  Ion  hy  the  ()8I'  subroutine  proceeded  directly  from 

I'  /]()  to  lOr  lor  each  liand . 
c  c 

After  some  experimentation,  the  values  tabulated  below  were  selected 
to  subdivide  the  frequency  ranges  for  tlio  eleven  hands.  The  frequency  step- 
sizes  over  the  freriuency  range  for  any  band  are  comparable  to  those  used  over 
the  passhaiid  fri’ciuency  ranges  of  the  Ideal  filters  in  the  previous  Section. 
Tliere  are,  liowever,  9911  frequeiieies  at  which  calculations  are  required  here 
for  tlu'  11  bauds  compared  witii  2  31  for  ideal  filters.  The  computation  time 
was  on  tlie  ordiu"  of  S  times  longer  for  evaluations  of  Eq.  (45)  than  for 
Kq.  (22). 
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1000 

9900.00 

400 

24.75 

1250 

12,463.36 

500 

24.93 

1600 

15,690.44 

600 

26.15 

2000 

19,753.10 

700 

28.22 

2500 

24,867.68 

800 

31.08 

3150 

31 , 306.55 

900 

34.79 

4000 

39,412.61 

1000 

39 . 41 

5000 

49,61 7.54 

1100 

45.11 

6  300 

62,464.78 

1200 

52.05 

801)0 

78,638.50 

non 

60.49 

.1 0 , 000 

99 , 000 . 00 

1  400 

70.71 

Some’  results  are  presented  in  Figs.  18  and  19  to  show  the  impact  of 
including  the  filter  transmission  response  of  F.q .  (41)  in  the  determination 
of  hand  levels  at  the  receiver.  Figure  18  shows  1 /3-octnve-band  sound 
pressure  level.-  '  nr  t'le  lOO-ni  pathlength  and  the  70-percent  relative- 
humidity  I  oral i  1 1 .  ;  Fig.  19  alfM  shows  data  for  the  300-m  pathlength  but 
for  IC-perciMit  relative  humidity.  data  for  the  four  true  spectral  slopes 
at  the  source  are  included  In  each  figure.  For  each  source  slope,  com¬ 
parisons  art  shown  between  the  exact  source  band  levels,  the  exact 
receiver  band  levels  calculated  with  ideal  filters,  and  the  receiver  band 
levels  calculated  with  the  response  of  the  practical  filter. 

In  Fig.  18  for  70-percont  relative  humidity,  there  is  little  differ¬ 
ence  between  the  exact  and  the  prac tic.al- fi  1  ter  receiver  band  levels  for 
source  slopes  of  +1,  -3,  and  -b  dB/band,  except  for  the  lO-kllz  band  and  the 
-6  dB/band  slope. 

For  the  -12  dB/liand  slope,  liowever,  significant  differences  start  to 
occur  in  the  2.5-kll7,  hand  and  become  very  large  in  the  10-kHz  band.  The 
prac t leal - f 11  ter  band  levels  exceed  the  ideal-filter  receiver  band  levels 


SOUND  PRESSURE  LEVEL,  dB  re  20  Pa 


1/3  OCTAVE  BAND  CENTER  FREQUENCY,  kH? 

(a)  SLOPE  =  +  1  dB/BAND  (b)  SLOPE  =  -3  dB/BAND 


Figure  18.-Effect  of  filter  characteristics  on  band  level  at  the  receiver  for  various 

slopes  of  the  sound  pressure  l-v'el  spectrum  at  thv.  source.  300-m  sound 
propagation  pathlength;  70  %  relative  humidity;  2^  'C  air  tamperatuie; 

1 .0  standard  atmosphere  air  pressure. 
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and  Indood  even  exceed  tlu’  source  band  levels!  In  the  10-kHx  band,  for 
example,  the  pract  leal- fill  or  receiver  band  level  exceeds  the  source  band 
level  by  about  20  dR  and  ttio  Ideal-filter  receiver  b.ind  level  by  about 
45  dll. 

For  tiu'  bl}*h  1  y-absorpt Ive  10-percent  relative-humidity  conditions  of 
Fit;.  19,  the  situation  Is  substantially  more  critical  than  it  was  for  the 
70-percent  reference-day  conditions  of  Flp,.  18.  Note  that  whereas  it  was 
feasible  to  use  an  ordinate  scale  with  10-dB  per  major  division  for  all 
plots  In  I'i^.  Id,  it  was  necessary  to  use  both  10-dB  and  20-dB  per  major 
division  in  Flu.  1*^  bec.iusc  of  the  much-steeper  slopes  over  the  lower  stop- 
band  under  the  more-absorptive  conditions. 

As  the  source  spectral  slope  became  more  and  more  negative,  the  devia¬ 
tion  between  the  pr.ac  1 1 1'a  1- f  1 1  ter  .and  the  ideal-filter  receiver  band  level 
occurred  at  a  lower  and  lower  frequency:  b.'J  to  4.0  to  3.15  to  1.25  kHz 
as  the  sounu;  slope  cliauHcd  from  +1  to  -3  to  -6  to  -12  dB/band. 

For  comparison  with  the  example  quoted  above  for  the  7n-percent 
i.ondltlon,  the  -12  dli/baiul  slope  d.ita  In  Flu.  19  show  that  the  practlcal- 
filt'  r  riicelver  band  level  in  the  lO-kllx  band  exceeds  the  source  band  level 
by  about  19  till  hut  exceeds  the  exact  receiver  band  level  by  104  dB  compared 
with  45  dR  In  Flp..  18(d). 

Tile  message  from  these  results  Is  that  hi  Rh-f  requency  1  /  3-octave-band 
sound  pressure  levels,  measured  at  a  receiver  location  with  a  filter  meeting 
tIu'  most-str  Ingt'iU  ANSI  requirements,  may  differ  from  tlie  expected  band  levels 
by  siRuilii'ant  amounts  depending,  on  how  sti*ep  was  the  slope  of  the  spectrum 
of  I  he  noise  source  and  how  absorptive  was  the  atmosphere. 

The  ri'sull.s  in  FIrs.  18  and  19  showed  the  e' feet  on  the.  hand  levels  at 
the  roieiver  of  inereasiiiR  the  speetral  slope  at  tlie  source  for  a  fixed 
propap.a l  i on  distance  of  300  m.  If  the  propagation  distance  were  to  be 
iniTea.sed,  then  similar,  but  more-pronounced,  trends  would  be  expected. 
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Figures  20  and  21  prcsc'iu  romparisnns  in  the  format  of  Flp.s.  18  and 
19  for  propagation  distances  of  300,  600,  and  900  m.  Figure  20  presents 
results  for  a  source  spectral  slope  of  +1  dB/band,  Fig.  21  for  a  slope 
of  -12  dll/band.  F.uch  plot  In  Figs.  20  .md  21  Includes  the  bund  levels  at 
the  sourci!  and  the  band  levels  .at  the  receiver  for  70  and  10-percent 
relative  humidities  .and  for  Idc.al  anil  pr.actical  1  /  l-octavc-band  filters. 

For  the  +1  dli/band-siope  results  in  Fig.  20,  there  was  no  significant 
difference  between  the  exact  receiver  band  levels  and  those  with  the  prac¬ 
tical  filter  wlien  the  atmospheric  ahsorptlon  had  the  minimal  values 
associated  with  70-percenl  relative  humidity  at  25°  C  air  temperature. 

'Ihe  largest  di  f  ference  was  on  ly  about  8  ilB  In  the  10-kHz  band  for  the  900-m 
pathlength . 

For  tlie  10-percent  relative-humidity,  high! y-absorptive  atmospheric 
conditions,  however,  there  were  large  differences  between  the  exact  and 
the  prac t  leal -f  i  1 1 er  receiver  h.ind  levels.  For  a  given  band  center  fre- 
<|uency  (e.g.,  1.0  kllx),  the  difference  Increased  as  tlie  pathlength  Increased. 
Tlie  freciuency,  at  whlcli  the  dllferenco  between  the  exact  and  the  practical- 
filter  band  level  first  becomes  significant,  decreases  as  the  pathlength 
Increases . 

For  the  10-perc.e.nC  relative-humidity  data  in  I'ig.  20,  there  appeared 
to  be  a  sa  t  urat  I  on- 1 1  ke  eflfct  that  occurred  for  the  h  I  gli-f  requency  receiver 
liand  level.!  for  thi*  600  and  900-m  pathlengths.  Apparently,  the  power 
t riinsml t ted  through  tlie  lower  stopband  becomes  more,  and  more  the  control¬ 
ling  factor  in  tlie  total  power  transmitted  a.s  the  absorption  function 
Steepens  with  incre.islng  patlilength.  A.s  an  example,  consider  the  lO-kllz 
liand  where  the  prac  t  tea  1- f  i  1  ter  band  level  only  decreased  about  8  dB  for 
tlie  iO-percent  relative-humidity  condltion.s  between  the  600  and  900-m 
liath  lengths .  The  corresponding  difference  in  exact  band  levels  was  about 
82  ilB.  For  the  70-perceiit  conditions,  the  receiver  band  level  decreased  by 
18  ;md  .?4  dli  for  the  piiuLlcal  .iiul  ideal  filters,  respectively.  Thus, 
tile  level  I'or  the  lO-percent  condition  should  have  decreased  by  much  more 
tliiin  8  ilB. 


t 
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ture;  1 .0  standard  atmospha«  air  pressure. 
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1  u  is  nott!d  that  presumably  valid  measurements  of  aircraft  flyover 
noise  spectra  for  relatively  absorptive  conditions  have  been  reported  which 
have  a  high-frequency  "tall  off"  similar  In  appearance  to  tliose  sliown  In 
I’lgs.  20(b)  and  2()(c)  for  the  10-pereent  re  1  at  I  ve-lniml  d  1  ty  condition.  'I'he 
suggestloii  Is  that  the  reported  levels,  whlcli  were  said  to  be  well  above 
the  corresponding  background  noise  levels,  may  not  be  valid  because  of 
contamination  by  power  transmitted  through  the  lower  stopbands  of  the  prac¬ 
tical  filters  used  in  analyzing  the  tape-recorded  signals. 

The  results  presented  in  Fig.  21  show  additional  evidence  of  a  satura¬ 
tion-like  effect  when  the  source  slope  is  -12  dB/band.  Tlie  receiver  band 
levels,  as  in  Figs.  18(d)  and  19(d),  are  higher.  Instead  of  lower,  than  the 
source  hand  levels  in  the  high-frequency  bands.  There  was  essentially  no 
difference  between  the  practical-filter  band  levels  for  the  70  and  the  10- 
percent  conditions  for  any  of  the  three  pathlengths.  In  contrast,  the  differ¬ 
ence  between  the.  exact  receiver  band  levels  for  the  70  and  10-percent  condi¬ 
tions  was  large,  as  expected,  and  lucreased  as  tlie  p/ithlength  Increased. 

Note  that  an  ordinate  scale  with  AO  dR  per  division  was  required  for  the 
data  in  Fig.  21  compared  with  ’0  or  20  dlJ  per  division  for  the  data  in  Fig.  20. 

Tile  Inference  drawn  from  the  data  In  Fig.  21,  and  from  the  comparisons 
in  Figs.  ]8(c),  i8(d),  19(c),  and  19(d),  is  that  once  either  the  receiver 
spectral  density  function,  or  the  absorption  function,  or  their  product, 
starts  to  increase  faster  than  the  filter  lower-stopband  response  decreases, 
as  the  Integration  proceeds  from  the  passband  toward  the  lowest  defined 
frequency  at  f^/10,  then  the  band  levels  at  a  receiver  location  which  would 
result  from  using  a  practical  filter  meeting  ANSI  Class  IIT  requirements 
will  be  liljdier  tlian  the  expected  or  exact  values  and  by  very  large  amounts 
lor  simie  conditions.  Indeed,  if,  as  in  Fig.  21,  the  source  slope  is  as 
steep  as  -12  dR/band,  then  the  receiver  band  levels  indicated  for  the 
respopse  of  a  practical  filter  can  become  essentially  ^ndependent  of  how 
absorjittve  tlie  atmosphere  Is  or  how  long  the  propagation  path  is.  There 
were  differences  between  the  prac 1 1  c.a  1- f  1 1  ter  receiver  band  levels  for  the 
70  and  lO-percent  conditions  and  for  the  three  distances,  but  they  were  small 
and  are  bard  to  see  with  a  AO-dR-per-divislon  scale. 
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'IVo  corollaries  follow  from  the  nluive  inference.  Tin*  first  Is  that 
aircraft-noise  data-ana I ysis  systems  In  current  use  mav  mil  he  ahle  to 
provide  meaningful  iiu'asurement  s  of  !i i pji- rre(|uencv  I  /  i-oci  a ve-h.mil  snuiul 
pressure  levels  if  tlu'  noise  source  spectrum  Is  loo  sti'ep,  or  llu'  atnios- 
pliere  is  too  absorptive,  or  tiie  propagation  path  too  lonR.  'I'he  second  is 
that  attempts  to  use  measured  aircraft  noise  1/ 3-octave-band  sound  pressure 
levels  to  derive,  or  verify,  the  hisli-f requency  absorption  characteristics 
of  the  atmosphere  may  not  lie  feasible  and  could  lead  to  incorrect  conclu¬ 
sions  . 

Tlie  differences  between  the  practical-  and  ideal-filter  receiver  band 
levels  could  also  affect  tlie  validity  of  attempts  to  adjust  measured  data 
from  test-to-reference  conditions,  as  well  as  attempts  to  use  measured 
aircraft  noise  data  to  v;iltdate  or  dc-velop  a  1  rc  raft-no  1  se-prod  i  ct  Ion  methods 
or  to  Judp.i'  the  c  ffect  1  vcni’ss  of  h  i  p,h- rrcf|ucncy  no  Ise-stippress  Ion  devices 
installed  In  an  en>.',liu'.  Aii.ilvses  ol  nonlinear  propagation  effects  .'iiul  the 
ef  fects  of  atmosiilior Jc  turbulence  on  sound  p ropat'./it  Ion  may  /ilso  he  Influ¬ 
enced  hy  the  tise  of  prac t  teal- f  I i  ter  band  levels  th.’it  are  higher  than  the 
corresponding  ideal-filter  band  levels. 

The  potential  problems  Introduced  by  the  response  characteristics 
of  practical  filters  as  well  as  possible  solutions,  would  clearly  seem  to 
be  areas  deserving  additional  study. 

Test-to-Reference-Day  Band-Level 
Adjustment  Factors 

Althouj-li  the  results  were  expected  to  he  much  different  than  those 
ohtalni'd  using  tlie  exact  or  true  band  levels  at  the  receiver,  it  was 
conslilercd  tliat  it  would  be  instructive  to  use  the  receiver  band  levels 
calculated  for  tlic  response  of  a  practical  I  liter  In  determinations  of 
band-level  adjustment  factors  from  test  to  reference  atmospheric  conditions. 

Determinations  of  adjustment  factors  would  use  the  analysis  described 
in  the  previous  Section.  The  "measured"  band  levels  would  be  assumed  to 
have  the  values  tliat  would  have  been  obtained  with  ideal  filters.  Integra- 
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tion  would  only  cover  Llic  froquuncy  range  from  the  exact  lowcr-bandedge 
to  the  exact  upper-bandedge  frequency.  The  2-slope  procedure  would  be  used 
to  approximate  the  pressure  spectral  density  function  over  the  frequency 
range  of  each  ideal-filter  pnssbjind. 


This  calculation  procedure  was  felt  to  simulate  the  procedure  tli.it 
would  likely  be  used  In  practi<‘e  where,  In  general,  there  would  be  no 
a  jn'iori  knowledge  about  wlu'thcr  the  Indicated  band  levels  were  or  were, 
not  contaminated  by  excessive  power  transmitted  In  tlie  stf)pl)an(l  frequency 
ranges.  The  calculation  procedure  ilescrlbed  above  was  fi'lt  to  be  especially 
applicable  as  a  simulation  of  the  procedure  that  would  be  used  by  an  auto¬ 
mated  data-processlng  system  which  only  provides  limited  opportunity  for 
operator  intervention  and  inclusion  of  human  judgment  concerning  the 
validity  of  a  particular  step  in  the  calculation  process. 

Figure  22  shows  the  results  of  applying  the  procedure  described  above  to 
tl\e  case  of  a  b(10-m  |iropagatlon  distance  and  a  -12  dll/bnnd  source  spectrum 
slojK'.  (lomparable  results  for  Ide.al  filters  at  the  receiver  were  given  In 
Fig.  li.  The  practical-filler  receiver  hand  levels  In  Fig.  22  are  those  from 
Fig.  21(h).  .Symhols  and  their  subscripts  have  meanings  as  described 
previously;  I’F  stands  for  practical  filter. 

.Source  band  levels,  calculated  from  the  pract ical- f  1 1  ter  receiver  band 
levels  for  10-percent  relative  humidity,  were  determined  for  test  (l.e., 

10  percent)  and  reference  (l.e.,  70  percent)  atmospheric  conditions.  The 
calculated  source  levels  have  the  symbols  |q  pp  ■’’nd  pp  and 

their  (lirrorence,  .is  before,  is  a  measure  of  the  hand-level  adjustment  factor 
lo  account  for  (liiference.s  in  at  tcnu.it  ion  caused  by  atmospheric  absorption  under 
the  two  conditions.  Ti..,'  source  hand  levels  were  calculated  using  the  hand- 
integration  method  and  the  tJ.SF  numeri c.il-lntcgr,at ion  subroutine. 

'llie  other  measure  of  the  hand-level  .adjustment  factor  is  the  difference 
in  the  v.ilues  ch;U  were  calculated  for  the  receiver  band  levels  starting 
from  the  exact  source  spectrum,  or  pp,  -  pp.  This  difference  can 

be  interpreted  as  representing  the  "measured"  value  of  the  test-to-reference- 
day  adjustment  factor;  the  difference  In  source  levels  can  he  taken  as  repre¬ 
senting  the  "calculated"  value  of  the  adjustment  factor. 
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Figure  22.-Petermination  of  band-loss  adjustment  factors  when  band  levels 
at  the  receiver  location  are  calculated  with  the  filter  transmission- 
response  characteristics  of  the  practical  filters  from  Fig.  15;  compare 
with  results  for  ideal  filters  in  Fig.  13. 

25°C  air  temperature;  1.0  standard  atmosphere  air  pressure; 

-12  dB/band  spectral  slope  at  the  source;  600  m  sound  propagation 
pathlength;  integration  method  for  absorption  loss. 

Band-loss  adjustment  factor  from  levels  at  the  sourcedntegrating 
over  passband  of  ideal  filters)  is  (LS-iq  10  PF“*^®70,10,PF^' 

Band-loss  adjustment  factor  from  levels  at  the  receiver  is 

(LR7o^PF-LRiO,Pf)' 

Difference  here,  for  10  kHz  band,  is  (250.2-129.9)-(77.0-74.1)  = 
120.3-2,9  =  1^7.4  dB. 


Usinj;  tlio  U)-kHz  band  for  an  oxampli',  as  bt'IDri',  llio  ri-snlis  In  I'i)’,.  . 

indicate  tliat  the  differenco  In  calculated  source  levels  is  a  reasonably 
accurate  measure  of  the  true  difference  in  atiiK)aphertc  absorption  under  the 
two  conditions.  From  the  data  in  Fig.  22,  the  difference  is  pp 

-  LS,„  «=  250.2  -  129.9  =•  120.3  dB  compared  with  the  exact  value  of 

115.8  dB  from  Fig.  13. 


The  adjustment  factor  determined  from  the  difference  in  practical- 
filter  receiver  band  levels  is  much  different  than  the  difference  in  source 
levels  because  of  the  lower-stopbnnd  contamination  problem,  llius,  using 
data  from  Fig.  22,  pp  -  pp  =  77.0  -  74.1  =■  2.9  dB  in  the  10-kll/  b; 


2.9  dB  in  the  10-kll/  band. 


'nu-refori',  if  tlie  jiract  1  ca  1- f  1 1  ter  "measured"  rec.eiver  hand  levi'Is  for 
test  and  reference  conditions  \»?ere  to  he  used  to  assess  llie  .iccuracy  of 
dc t  \niilii Lag  hand-level  adjustment  factors,  the  results  in  Fig.  22  would 
i'  dlcate  a  hugt'  error.  tn  the  10-kHz  band,  tlie  above  calculations  indicate 
that  tlio  error  would  be  120.3  -  2.9  =  117.4  dB  for  the  600-m  pathlength  and 
-12  dB/band  source  spectrum  slope. 


In  additloti  to  tlie  extreme  value  of  the  calculated  i*rror,  use  of  the 
contaminated  prnct  leal -f 11  ter  receiver  band  levels  to  estimate  the  source 
levels  results  in  a  severe  distortion  of  the  true  shape  of  the  source 
spectrum  and  exceedingly  large  indicated  source  liand  levels  as  shown  in 
Fig.  22.  it  is  noted  tliat  calculations  of  "source"  spectra  have  appeared 
ill  the  literature  with  shapes  very  similar  to  those  shown  by  the  jq  pp 

and  p|,  spectra  in  Fig.  22.  The  suggestion  is  that,  although  the. 

calculated  attenuation  caused  by  atmospheric  absorption  may  be  approximately 
correct,  tlie  adjustment  factor  has  been  applied  to  contaminated,  or  in¬ 
correct,  receiver  band  levels. 


To  complete  tlie  analysis  of  test-to-reference-day  band-level  adjustment 
lactors  as  applied  to  sound  pressure  levels  .it  tlie  receiver  which  were 
determined  using  tlie  response  curve  of  a  practical  filter.  It  was  decided 
to  examine  tlic  differences  between  tlie  calculated  source  band  levels 

,,,  -  I.S-,.  and  tlie  calculated  receiver  band  levels 

lO.in.Pk  7Q,10,1’F 


70,I’F 


PF^  '  Analyses  were  carried  out  for  the  two  source  spectral 
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slopi'K  of  +1  ;mcl  -12  dll/b.iiu'  ’d  for  the  lliri'e  ji rop.iKO I  i on  distniU'es  of 
JOO ,  oOO,  iind  900  in.  As  In  Sei'tfon  2  for  the  lyses  us  In);  ideal 
filters,  adjustment  laetor.s  were  calculated  by  tlie  band- lnte);ration 
metho'^  and  the  band-center- f requency  method  for  the  eleven  bands  with 
center  frequei  from  1000  to  10,000  Hz. 

figure  ';i  sliows  tlie  resulis  of  the  analyses.  Comparable  ideal- 
flltfc  result.s  were  presented  i-  fig,  14.  Note  that  the  ordinate  scale 
■  in  Fig.  2'i(i.')  is  difi'  "it  from  that  in  I’igs.  25(a)  and  25(1)). 

.  'I'lie  "error"  In  the  calculation  ol  t  iu'  band-icvol  adjustment  laclor 

I  Is  sei'ii  to  I..,-  small  (o  I  i i  I' 1 from  1000  llz  lo  some  fri.'(|ui'ni  y  and  then 

V  to  increase  very  rapidly.  Tlu'  largest  errors  in  I'i)’,.  2  5  an*  l).)’ger  by  a 

fat'tor  of  15  to  20  than  tin’  largest  i*rrors  in  fig.  14  for  receiver  levels 
calculated  with  filters  having  ideal  response  characteristics.  The 
frequency  where  the*  c  roc  starts  to  Increase  corresponds  to  the  frequency 
wlicre  tlio  prac t  lea  1  - r  i  1 1 or  recc'iviT  b.ind  levels  start  to  deviate  from  the 
Idoal-filtcr  receiver  hand  levels  as  seen  by  compar.ng  the  results  in 
Figs.  20  aud  21  with  the  error  analyses  in  Fig.  2'5. 

Aside  from  the  d i  f  fc-renci*  in  tlie  shape  of  the  curves  and  the  very 

large  Jiflerence  In  the  nia);nltude  of  the  ri'sults,  tlu*  other  major  differ- 

enee  between  the  idea  I  -  f  i  1 er  results  in  FI).’,.  14  and  the  practlcal- 

I  liter  results  in  Fi)’,.  23  is  that  in  Fig.  25  me  "error"  In  calculating 

tlie  band-ad  !  us  I  men  t  f.-.ctor  is  somewhat  larger  by  tlie  band-integration  method 

y 

than  by  the  band-center- f rer|uency  method.  The  reasons  the  band-center- 
frequuncy  method  gave  relatively  s.naller  indications  of  error  than  it  did 
in  I’l)’.  14  Is  proliahiv  liecaase  tlie  spectrum  of  tlie  sound  pressure  at  the 
receiver,  that  wai  calculated  for  the  practical  filters,  Is  significantly 
less  steep  than  the  spectrum  lalculated  using  ideal  filters,  see  Figs.  20 
and  2  1  . 


'llie  differences  .stiowr  in  I'ig.  2  1  between  tlie  two  metliods  are  not 
.egarded  as  significant,  liowcver,  bec;iusc  the  basis  for  the  comparisons 
(the  so-called  measured  adjustment  factor  or  difference  between  reference- 
day  and  test-day  receiver  hand  level.s)  is  obviously  not  correct  in  many 
bands  as  can  be  seen  by  iiuspection  of  the  data  in  Figs.  20  and  21. 
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Tims,  it  is  considt* reci  that  uho  conclusion  of  Section  2  Is  still  valid 
with  regard  to  the  accuracy  of  the  band-integration  and  tlie  bnnd-center- 
rre(|uency  methods:  namely,  tli;it  when  tlie  band  levi'Is  at  tlu'  receiver  ari' 
properly  d(‘termlned,  tiu'  band- IiUcp, rat  Ion  methoil  Is  prefi'rred  l)eeaiisi'  it 
produces  smaller  errors  Tor  sleep,  negative,  h I gh- rrequency  spectral 
slopes  than  the  band-center- fref|uency  method.  For  moderate  spectr.'il  slopes, 
however,  there  is  no  significant  difference  in  the  accuracy  of  the  two 
methods  and  either  one  can  b<'  used  is|u.il  ly  well  for  determining  band- 
adjustment  factors. 

Tlie  iM'itical  Issues  in  the  choice  of  calculation  method  seem  to  be: 
how  accur.itely  are  the  correct  receiver  band  levels  known  and,  for  the  band- 
integration  metliod,  how  accur.atelv  does  the  2-slGpe  method,  or  some  other 
method,  approxim/Ue  the  pressure  spectrum  of  the  sound  at  the  microphon'^. 

As  a  practical  matter,  there  does  not  afipenr  to  be  any  feasible  way  to 
resolve  these  issues.  The  next  Section  provides  additional  guidance  as 
a  result  of  aiiplyJng  the  analytical  procedures  to  actual  aircraft  flyover 
noise  measurement s . 
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4.  ADJUSTMENT  OF  Ali^CRAFT  NOlSC  DATA 
FROM  TEST  TO  REFERENCE 
METEOROLOGICAL  CONDITIONS 

Till.’  objcictLvo  of  the  second  phase  of  the  study  was  to  make  a  nuant  I  tal  I  vi' 
evaluation  of  various  procedures  to  adjust  measured  aircraft  flyover  noise  data 
for  differences  between  atmospheric  absorption  under  test  and  reference  meteor¬ 
ological  conditions.  A  primary  application  for  such  adjustment  procedures 
would  be  during  analysis  of  data  taken  to  demonstrate  compliance  with  the 
effective  perceived  noise  level  requirements  associated  with  aircraft  noise 
certification.  Another  application  would  be  to  adjust  data  acquired  for 
specifying  A-weighted  sound  levels  and  sound  exposure  levels.  Sound  exposure 
levels  (SKI.)  are  the  basis  for  calculations  of  day-night  average  sound  levels, 
a  noise  descriptor  that  Is  widely  used  in  assessments  of  tlie  environmental 
impact  of  noise.  Since  the  two  ajipl icat ions  used  similar  procedures,  it  is 
sufficient  to  describe  ttio  application  to  aircraft  noise  certification, 
specifically  the  requirements  of  Part  16  of  the  Federal  Aviation  Regulations . ® 
The  next  sections  describe  the  requirements  of  FAR  Part  36  relevant  to  atmos¬ 
pheric  absorption  adjustments  and  the  interpretations  and  assumptions  made  in 
conducting  the  evaluations  reported  .lere. 

Requi reirents  for  Atmospheric-Absorption 
Adjustments  During  Noise  Certification 

All  transport-category,  large  airplanes  and  all  turbojet  or  turbofan- 
powered  airplanes  must  demonstrate  compliance  with  the  applicable  noise- 
level  requirements  of  Appendix  C  of  FAR  Part  36  (or  FAR  36).  Noise  levels 
must  be  measured  and  adjusted  in  accordance  with  the  requirements  of  Appendix 
A  of  FAR  36.  The  noise  evaluation  quantity  is  the  effective  perceived  noise 
level  (KPNL)  which  must  be  calculated,  in  accordance  with  the  requirements  of 
Appendix  B  of  FAR  36,  from  the  psyohoacoust Ic  descriptor  called  perceived 
noise  level  (PNL)  after  addition  of  appropriate  tone-correction  factors  to 
determine  tone-corrected  perceived  noise  levels  (PNLT)  and  a  duration-correction 
factor  (DCF).  Requirements  for  calculation  of  tone-  and  duration-correction 
factors  are  also  given  in  Appendix  B  of  FAR  36. 

[f  the  test-time  meteorological  conditions  do  not  conform  to  the 
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acoustical  ref crcncc-clay  conditions  specified  In  fiA36,  5(c)  ( 1 )  of  Appendix  A 
of  I’AU  36,  then  the  measured  data  must  be  adjusted  for  differences  in  atmo¬ 
spheric  absorption  to  detcmiine  noise  levels  equivalent  to  those  tliat  would 
have  been  measuretl  under  acoustical  reference-day  conditions. 

Currently,  the  requirements  of  I’AK  36  spi'cify  tliat  only  the  1/3-octave- 

band  sound  |)ressure  level  spi'ctruni  .assoc i .aled  with  the  maximum  test-time 

tone-corrected  iierceived  noise  level  (PNLTM  has  to  be  adjusted  for 

test 

differences  between  reference  and  test-time  atmosplieric  absorption. 

Tlu'  procedure  specified  in  FAK  36  to  account  for  difrcrenccs  between 
tt'st  and  referenct!  atmosplier ii'  .ibsfirpt  ion  assumes  that  there  is  no  difference 
between  the  directivity  of  tone-corrected  perceived  noise  level  under  the  two 
atmosplieric  conditions,  i.e.,  that  tlu-re  is  no  'change  In  tlie  sound-emission 
angle  or  propagation  pathlength  associated  with  Che  maximum  value  of  the  tone- 
corrected  perceived  noise  level.  'I'he  .assumption  that  there  is  no  change  in 
the  directivity  of  tone-corrected  perceived  noise  level  is  equivalent  to 
assuming  that  the  duration-correction  factor  is  the  same  under  test  and 
reference  .atmospheric  conditions. 

However,  If  each  set  of  0. 5-second-.averagc  sound  pressure  levels  v;as  to 
be  adjusted  to  reference  meteorological  conditions,  and  if  reference-day 
tone-corrected  perceived  noise  levels  were*  to  be  calculated  for  each  0.5- 
secoiid  interval,  and  if  that  set  of  tone-corrected  perceived  noise  levels 
were  then  to  be  searched  to  find  the  m.aximum  reference-day  tone-corrected 
perceived  noise,  that  m.aximum  v.alue  might  not  be  the  same  as  the  value  of 
the  referi’iicc-ilav  t one-corrt.’c ted  perceived  noise  level  e.alcul.ated  by  tlie 
proccdiiri'  specified  in  FAR  36.  I'lie  diffenaice  would  be  caused  by  changes 
in  (lie  spei'lrum  ol  the  sound  .il  the  in i i- rophone ,  as  .a  result  of  the  test-to 
re  f  erence-ilay  .atiiiospher  I  c-ahsorpt  ion  ail  Justments ,  such  that  the  directivity 
ol  the  I  oiii'-correctcd  perceived  nolsi-  level  was  .altered. 

To  distinguish  between  the  maximum  tone-corrected  perceived  noise  levels 
calculated  according  to  the  two  methods,  we  use  the  abbreviation  I’NLTM  -  to 
represent  the  maximum  value  of  the  reference-day  tone-corrected  perceived  noise 
levels  for  the  set  of  tone-corrected  perceived  noise  levels  .at  0.5-second  Intervals 
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and  to  represent  the  reference-day  tone-corrected  perceived  noise 

level  determined  in  accordance  with  the  method  specified  in  FAR  36. 

By  tlie  rules  In  FAR  36,  the  reference-day  effective  perceived  noise 
level,  EPNIi,  is  calculated  from 


FPNL  r  =  FPNh.  ,  +  (PNI.T'  ^  -  PNI.'I'M^  J  =  PNI,T'  ,  +  DCF^  ,  (46) 

ref  test  ref  test  ref  test 


wlierc  Is  tlu!  duration-correction  factor  under  test-time  ntmosplieric 

Condi t ions . 


Equation  (46)  is  strictly  appl i cable  only  when  the  reference  and  test 
flight  paths,  power  settings,  and  airspeeds  are  the  same.  If  tlie  flight 
paths  are  not  the  same,  tlien  additional  adjustments  are  Included  to  account 
(.1)  for  the  differences  In  reference-weather  atmospheric  absorption  because 
of  the  different  propag.ation  pathlengtiis  and  (2)  for  the  difference  in  inverse- 
square  divergence  loss  over  the  two  propagation  pathlengths.  Other  corrections 
liave  to  be  included  for  differences  in  engine  power  setting  and  airspeed. 

If  tlie  lest  and  reft'nuici'  flight  patlis  are  not  the  same,  then  !iA36,  11(e) 
also  rc'(|ulrc's  tlie  addition  of  an  adjustment  which  is  proportional  to  the  ratio 
of  the  niiniinum  distances  to  the  I'llght  paths.  The  basis  for  this  geometric 
factor  is  an  assumption  that  tlie  airspeeds  along  the  test  and  reference 
fliglit  paths  are  tlie  same.  Tlie  adjustment  thus  accounts  for  the  longer,  or 
sliorter,  duration  between  tlie  same  sound-propagation  angles  for  test-time 
fliglit  patlis  tliat  are  lilglier,  or  lower,  than  the  reference  flight  path. 

Till'  analyses  reporli’d  liere  did  not  consider  any  effects  caused  by 
dirrerences  bi'tweeii  the  test  and  reference  flight  paths  as  a  result  of 
dirferences  in  height  overhead  or  fllghtrpath  angle  since  such  differences 
are  not  relevant  to  comparisons  of  different  procedures  for  determining 
atmospheric  ahsorptlon  losses.  Nor  were  differences  in  engine  power  setting, 
oi  airspeed  considered.  The  analyses  followed  the  ri*qui rements  as  given  In 
the  3  April  1978  version  of  Appendix  A  of  I'AR  36.  Adjustments  for  d  i  f  rcri'iices 
in  atmospheric  absorption  losses  were  applied  only  to  the  spectra  at  the  time 
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of  occurrence  of  the  maximum  test-time  tone-corrected  perceived  noise  level, 
PNLTM^^g^.  Similarly,  reference-day  sound  exposure  level  was  determined 
by  calculating  absorption-loss  adjustments  for  the  patlilengtlis  at  the  time 
of  occurrence  of  the  maximum  test-time  A-welghted  sound  level,  ALM 

test 

No  investigation  was  made  of  the  differences  in  atmospheric-absorption 

adjustments  that  would  linve  resulted  from  using  the  procedure  required  by 

some  Kuropean  noise-cert  I f 1  cat  ion  authorities  for  determining  reference-day 

1',1’NL.  That  procedure  requires  that  the  spectrum  at  each  0.5-3  interval 

throughout  the  10-dB-down  duration,  instead  of  just  the  spectrum  at  the 

time  of  adjusted  for  differences  in  atmospheric  absorption 

under  test  and  reference  conditions.  for  effective  perceived  noise  level, 

tlie  value  of  I’NI.TM  ^  determined  from  the  set  of  I’NLT  ..  values.  A  dura- 
ref  ref 

tion-correction  factor  under  reference  conditions  is  determined  from  the 

l’Nl/1'  r  values  and  used  to  calculate  the  reference-dav  effe.ctive  perceived 
ref  '  * 

noise  level  from  NPNl.  =  PNLTM  +  DCf  ... 

rcl  rei  rcl 

Requirements  for  a  Layered-Atmosphere  Analysis 

The  original  Issue  of  I'AK  36  retpiired  the  measurement  of  air  temperature 
and  rel.itivc  luimldlLy  at  a  lu’iglU  of  10  m  above  the  ground  surface  at  a  loca¬ 
tion  near  the  microphones.  Test-Lime  meteorological  conditions  were  acceptable 
only  if  tlie  10-m  (or  "surface")  temperature  was  between  5°  and  30°  C  and  the 
relative  humidity  was  between  30  and  90  percent,  and  there  was  no  inversion 
(or  positive  gradient)  of  tlie  temperature  lapse  rate.  In  determining  adjust- 
iiieiits  for  dllferences  in  atmi'splier  i  c  alisorption  under  test  and  reference  condi¬ 
tions,  only  tlie  surface  conditions  were  used  to  calculate  the  test-time  atmos- 
plier i c-ahsorp t ion  coefficients. 

While  vertical  iiroflles  of  air  temperature  above  the  surface  liad  to  be 
measured  to  assure  the  certifying  authorities  that  there  was  no  temperature 
inversion  present  at  the  time  of  the  noise  recordings,  there  was  no  requirement 
to  measure  relative  humidity  aloft  or  to  consider  absorption  losses  over  the 
sound  propng.a L 1  on  path.  Tims,  ;i  test  conlil  he  conducted  under  conditions  where 
the  actual  absorption  losses  wen-  larj-.e  oviT  a  significant  fraction  of  the 


propagation  path,  but  the  adjustment  factors  from  test- to- reference  conditions 
were  relativciy  small  because  the  surface  conditions  were  not  too  different 
from  the  reference  conditions. 

'I'he  1  April  1978  version  of  Appisuilx  A  of  I'AK  36  permits  no  1  se-certl f i- 
e.ation  compliance  testing  under  a  wider  range  of  meteorological  conditions 
than  those  of  the  original  issue.  The  change  gives  an  applicant  for  a  noise- 
ty[)e  certificate  more  flexibility  In  choice  of  test  sites  and  test  schedules. 
Air  temperature  and  relative  hun>idity,  however,  must  both  be  measured  from 
the  surface  (i.e.,  from  10  m  above  the  ground  plane)  to  a  height  greater  than 
the  greatest  height  of  the  airplane,  during  the  time  vilien  within 

10  dll  of  PNI.TM 

tes  t 

Over  tliat  portion  of  the  sound  propagation  path  (prestimably  at  the  time 
of  )  between  the  aircraft  (presurnah  j  y  meaning  at  the  Location  of  the 

equivalent  aircraft  noise  source  at  the  aircraft  reference  point)  and  a  point 
10  m  ai)ove  the  grouiul  at  tlu'  noise'  r.ieasiir  ing  station,  the  reqv/ 1  remunts  in 
SA36.  1(c)  for  3  April  1978  are  that 

•  tlie  nlr  temperature  must  ho  berveen  2.2°  and  C 

•  the  relative  luimidlty  must  be  between  20  and  95  percent 

•  the  atmospheric,  absorption  coef f i.eiont,  as  calculated 
using  SAE  Ahi'SObA,  must  not  exceed  12  dh/100  in  at.  a 
frequency  of  7100  Hz  fur  the  1/3-octavc  band  having  a 
nominal  band  center  frequency  of  8000  Hz, 


Compared  with  tile  original  issue,  the  so-c.alled  weather  window  was  thus 
made  conslcierabJy  larger  In  the  3  April  1978  version  of  FAR  36,  Testing  is 
now  permitted  in  tiie  presence  of  temperature  inversions.  Atmospheric  condi¬ 
tions  aloft  can  be  more  absorptive  ttinn  at  the  surface  as  long  as  the  12  dB/100  m 
rule  is  observed  for  the  i/3-oct.nve  band  at  8  kHz. 

However,  because  testing  is  now  permitted  when  temperature  Inversions 
are  present,  a  layered-atmosphere  procedure  was  developed  by  the  FAA  to  help 
provide  consistent  and  repe.nt.nbic  results.  Meteorological  d.ata  must  be 
measured  periodically  throughout  the  d.ay  of  the  test  from  a  lieight  of  10  m 


to  the  height  of  the  airplane  and  at  times  that  are  within  25  minutes  of  each 
aircraft  noise  measurement.  At  each  height  where  data  are  measured  (at  lielglu 
intervals  not  exceeding  30  m) ,  tlie  measured  meleorologle;.  1  data  must  Ite  Inter- 
polati'd  to  the  time  of  the  noise  measureineiiL . 

The  average  air  temperature  and  relative  himiullty  must  he  determined  over 
each  liorizontai  layer  of  tlie  atmosphere  using  tiie  meteorological  data,  at  10  m 
and  aloft,  interpolated  to  the  time  of  the  noise  measurement.  Atmospheric 
ahsfirption  coefficients  must  be  calculated  by  t'-.e  method  of  SAE  ARP866A  (for 
the  l/3-octave  hand  with  nominal  band  center  '  retjuenc.y  of  3150  Hz)  for  the 
average  temperature  and  relative  humidity  ov-’r  each  layer. 

According  to  iiA36. 9 (d)  (2)  ,  if  the  .atmospheric  absorption  coefficients  over 
alt  tlu'  layers  up  to  the  height  of  the  airplane  (at  the  time  of  I'NLTM  )  do 
not  vary  by  more  than  .'0.23  dB/100  m  (or  '.0.7  dB/1000  ft)  from  the  value 
calculated  from  tlie  test-time  nlr  temperature  and  relative  humidity  at  the 
10-m  helglit,  then  only  tlie  meteorological  data  at  the  10-m  height  need  be  used 
to  determine  the  teat-time  atmospheric-absorption  coefficients  for  u.se  in 
calculating  tos t- to-reference-day  adjustment  factors.  If  desired,  tlie  full 
set  of  meteorological  data  may  also  be  used.  Instead  of  just  tlie  10-m  data, 
to  determine  adjustment  factor.s  when  the  conditions  aloft  permit;  the 
+  0.23  dlJ/100  m  deviation  criterion  at  3150  Hz  to  be  met.  All  temperatures 
and  relative  luimiditios  aloft  must  also  satisfy  the  weather-window  criteria 
cited  above  from  fiA36.1(c). 

When  the  meteorological  conditions  .aloft  are  such  that  the  tO.2.’'  dB/100  m 

deviation  criterion  cannot  be  satisfied,  then  an  average  test-time  atmospheric- 

■ihsorpt i on  coefficient  must  he  determined  for  each  of  the  24  hands  with  nominal 

1/3-octave  center  f reciue.nci es  from  50  to  10,000  Hz.  The  average  coefficient 

must  lie  computed  using  the  coef f iclent.s  calculated  for  tlie  average  temperature 

and  relative  iiumldlty  in  each  layer.  The  attenuation  applicable  to  each  1/3- 

octave  hand  must  be  calculated  for  the  entire  sound  prop.'igatlon  path  (at  the 

tinii!  of  I’Nl.TM.  .)  from  the  sum  of  ilie  attenuations  t'ver  tlic  lengths  of  the 
te.st 

segments  of  the  path  contained  wlttiin  eacli  layer.  An  average  test-time 
atmospheric- absoriition  coefficient  is  tlien  found  from  tlie  ratio  of  die  total 
attenuation  over  the  patii  to  the  length  of  tiic  prop.igat  ion  p.ith.  The  average 
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test-time  absorption  coefficients  must  be  used  in  determining  the  adjustment 
factors  required  In  §A36. 11(d).  The  process  just  described  for  determining 
the  average  attenuation  rates  la  knovm  as  the  layered-atmosphere  analysis 
method.  The  alternative  procedure,  which  may  be  used  when  the  meteorological 
conditions  aloft  permit  Its  use.  Is  known  as  the  10-m,  or  surface-weather, 
method. 


Reference  Meteorological  Conditions 

Meteorological  conditions  for  the  acoustical  reference  day  are  defined 
in  §A36. 5 (c)(1)  of  FAR  36.  They  are 

(1)  sea  level  pressure  of  1.0  standard  atmosphere  (0.760  m  of  mercury); 

(2)  an  air  temperature  of  25®  C  (298.15  K) ; 

(3)  a  relative  humidity  of  70  percent;  and 

(4)  zero  wind. 

The  reference  meteorological  conditions  must  be  used  to  establish  the 
reference  takeoff  flight  path;  the  reference  takeoff  and  landing  airspeeds; 
the  reference  takeoff,  cutback,  and  landing  engine-powor  settings;  as  well 
as  the  reference  pure-tone  atmospheric-absorption  attenuation  rates. 

A  uniform,  reference  atmosphere  with  constant  conditions  at  any  height 
was  selected  by  the  FAA  for  a  layered-atmosphere  analysis  on  the  grounds  that 
such  a  definition  provided  consistent,  repeatable,  and  creditable  test  results. 

A  uniform,  reference  atmosphere  was  also  regarded  as  being  consistent  with  the 
process  of  determining  average  atmospheric-absorption  sound  attenuation  rates 
when  the  test-time  meteorological  conditions  aloft  were  such  as  to  require 
the  use  of  a  layered-atmosphere  adjustment  method. 

During  the  period  of  time  that  the  proposed  rule,  which  led  to  the  3  April 
1973  version  of  Appendix  A,  was  out  for  public  comment,  it  was  suggested  to  the 
FAA  that  the  requirement  to  consider  atmospheric  absorption  losses  along  the 
sound  propagation  paths  from  the  aircraft  to  the  microphone  should  also  mean 
that  reference  lapse  rates  should  be  included  in  the  definition  of  reference 
meteorological  conditions.  This  suggestion  was  not  accepted  by  the  FAA  for  the 
3  April  version  of  Appendix  A  or  for  use  as  an  FAA-approved  equivalent  procedure. 
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General  Requirements  of  FAR  36  for 
Aircraft  Noise  Measurement  and  Analysis 

This  report  is  primarily  concerned  with  evaluation  of  nllernatlve  procedures 
for  adjusting  measured  aircraft  noise  data  for  differences  between  the  atmospheric 
absorption  that  occurred  at  the  time  of  the  measurement  and  that  which  would  have 
occurred  if  the  atmosphere  had  had  acoustical  reference  meteorological  conditions. 
The  adjustments  would  be  applied  as  part  of  the  analysis  of  measurements  made  to 
demonstrate  compliance  wltl\  aircraft  noise-cert  i  f  icat  inn  ref|u  i  rements  of  I'AR  36. 
The  major  elements  of  the  general  requirements  of  I'AR  for  measurement  and 
analysis  of  aircraft  noise  arc  reviewed  liere  to  establish  tlie  b.asis  for  the 
structure  of  tlie  computer  prog.ram  tliat  was  prepared  to  evaluate  tlie  alternative 
|)roc.edures .  Siihsefiuent  discussions  present  some  of  the  interpretations  and 
assumptions  that  were  made  to  carry  out  tlie  ev/ilua t i ons , 

Appendix  A  of  I'-AU  36  cont.-iins  a  liost  of  detailed  retpi  i  rements  for  measuring, 
analyzing,  and  reporting  aircraft  noist>  d.ita  and  associated  airplane  and  meteoro- 
Jo)’lcal  iiaraniet<'rs .  'I'lie  measurement  requirements  fall  into  two  categories: 
data  ac(|uisltlon  and  data  processing,.  We  are  concerned  here  with  data  acquisi¬ 
tion,  data  processing  and  analysis. 

There  arc.  five  principal  measurement  systems  Involved  in  acquiring  aircraft 
noise  data.  The  systems  are  for  measuring  (1)  acoustical  data,  (2)  airplane 
tracking  data,  (3)  meteorological  data,  (4)  airplane/engine-parameter  data,  and 
(5)  time-code  data  for  synchronizing  the  recording  of  the  acoustical,  tracking, 
and  airplane/engine  data. 

For  each  noise  measurement,  data  acquisition  consists  of  the  following 
sequence  of  five  general  steps: 

(1)  meteorological  data  are  measured  at  the  surface  and  aloft; 

(2)  background  noise  (ambient  noise  plus  electrical  instrument 
noise)  is  recorded; 

(3)  tlie  test  airplane  is  set  up  to  fly  over,  or  to  tlie  side  of,  a 
inicroplione  at  constant  conditions  (i.e.,  constant  engine  power 
setting,  airspeed,  airplane  configuration,  airplane  attitude, 
and  flight  patli  angle); 

(A)  as  the  airplane  flies  over  tlie  microplionc ,  simultaneous 
ri'cord  I ng,s  are  made  of  svclironlz  Ing  time-code  signals  and 
(ii)  the  aircraft  noise  signal,  (h)  airplane  parameters,  and 
(c)  tlie  location  in  space  of  the  airplane  reference  point;  and 

('.))  aftiT  the  test  airplane  has  cleared  the  area,  meteorological 
data  re  again  measured  at  the  surface  and  aloft. 


'■K. 


Data  processing  is  considerod  to  Include  those  stops  which  load  to 
generation  of  the  basic  data  which  are  subsequently  analyzed  and  reported. 
Analysis  includes  all  tlie  adjustments  from  tcst-to-ref erence  conditions, 
calculation  of  effective  perceived  noise  levels  under  reference  conditions, 
and  determination  of  compliance  with  the  noise  certification  requirement. 


Data  processing  includes  the  following  four  general  steps: 


(1)  determine  meteorological  data,  at  the  surface  and  aloft,  which 
are  appropriate  for  the  time  of  the  noise  measurement  by 
interpolating  the  surface  (l.e.,  10  m)  data  on  time  of  day  and 
interpolating  the  data  aloft,  on  height  and  time  of  day,  to 
produce  data  at  heights  that  are  not  more  than  30  m  apart; 

(2)  at  nominal  0.5-h  intervals  throughout  the  duration  of  the  flyover 
noise  recording,  determine  1/3-octavc-band  sound  pressure  levels 
at  each  microplione  for  the  24  nominal  band  center  frequencies 
between  50  and  10,000  Hz; 

(3)  determine  tlie  coordinates  of  the  airplane  reference  point 
throughout  the  duration  of  the  aircraft  noise  recording  in 
time  synchronization  with  the  aircraft  noise  data;  and 

(4)  determine  the  values  of  the  (nominally  constant)  airplane  and 
engine  parameters  throughout  the  duration  of  the  aircraft 
noise  recording  in  time  synchronization  with  the  aircraft 
noise  data. 


The  sound  pressure  levels  must  be  corrected  for  aonideal  frequency- 
response  factors  such  as  the  effect  of  a  microphone  x/lndscreen  on  frequency 
response  and  sensitivity,  mlcroplio.iw  diffraction  effects  on  the  frequency 
response  of  the  microphone  when  the  sound  impinges  on  the  microphone's 
sensing  element  at  other  than  a  grazing  incidence  angle,  the  effect  of 
using  an  electrical  pre-emphasis  network  to  boost  the  sensitivity  of  the 
recording  system  at  high  fr(;quencles  in  order  to  capture  more  of  the  high- 
frequency  content  of  the  aircraft's  noise  signal,  and  the  effect  that  various 
components  of  the  data-acqu is Itlon/data-  .rocessing  system  have  on  the  flatnes 
or  uniformity  of  the  system's  frequency  response.  The  filters  must  conform 
to  the  ANSI  or  lEC  Class  III  requirements  for  1/3-octave-band  filters. 
Corrections  for  effective  noise  bandwidth  must  be  Included  for  each  filter. 


More  importantly,  the  sound  pressures  must  be  suitably  time  averaged  as 


well  as  corrected  for  the  contaminating  Influence  of  htgli  levels  of  background 
noise . 


VJitli  regard  to  time  averagiii);,  l■■AI{  lb  ref|uires  that  thc’  1/3-i)ctavc 
band  sound  pressure  levels  be  generated  at  time  intervals  that  are  spaced  at 
500  ms  1  5  ms.  further,  a  time  interv.il  of  no  more  than  50  ms  can  be  used  to 
read  out  the  Ik  values  and  no  more  than  5  ms  of  data  out  of  every  500  ms 
sample,  may  be  excluded  from  the  average.  The  real-time  analyzers  most  often 
used  for  processing  aircraft  noise  recordings  satisfy  tliose  requirements.  The 
electrical  signal  from  the  tape  recorder  is  supplied  to  each  filter  band 
simultaneously.  The  output  of  the  filters  is  sampled  at  a  high  rate,  squared, 
and  summer  over  a  period  close  to  500  ms.  Summations  from  Llu'  |iaraliel- 
connected  filters  arc  scanned  sequentially  by  an  electronic  scanner  and  stored 
with  time-code  signal  on  a  recorder.  Tlie  time  average  of  the  electrical 
analog  of  the  squared  pressures  is  Found  by  dividing  by  the  averaging  time. 

Tlu'  log.artthm  of  llii'  result  Is  lakc'n  to  pru<luee,  with  sultalile  sci/iling, 
sound  pressure  levels  relative  to  a  reference  presstire.  of  20  pl’a. 

The  process  described  above  is  sometimes  referred  to  as  linear  averaging. 
Some  sound  level  meters  and  analog  types  of  data-processing  instruments  use 
resistor-capacitor  networks  to  perform  an  effective  integration  of  the  input 
signal;  ilint  process  is  referred  to  as  exponential  averaging.  With  exponential 
averaging,  the  time  constant,  and  lienee  the  damping,  of  the  signal  can  be  ad¬ 
justed.  To  facilitate  the  measurement  of  fluctuating  ns  well  as  relatively 
steady  signals,  sound  level  meters  incorporate  both  low-damping  (or  FAST)  and 
high-damping  (or  SI.OW)  dynamic-response  characteristics.** 

A  linear  average  over  a  500-ms  period  corresponds,  approximately,  to  tt'e 
i'AST  response  cliaracteristics  of  a  sound  level  meter.  Appendix  A  of  Part  36, 
however,  requires  that  the  dynamic  response  of  the  data-iirm-ess ing  system 
simulate  tlie  damping,  cliarae.terist  J  cs  of  the  SbOW  response  of  a  sound  level 
meter.  To  meet  that  requ  1  remi’nt ,  additional  smootlilng  Is  often  Introduced  by 
employing,  a  running  average,  on  a  I'lean-square  basis,  of  ser|uentLal  values 
ol  two  or  Llirei'  of  Lite  500-ms  1  I  lUMt'-averaged  t  ime- 1 ntegreted  data  samples. 
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The  running  average  is  perCormod  by  a  digital  computer  after  the  1/3- 
octave  band  real-time  analyzer  lias  produced  the  series  of  data  samples  at 
500-ms  intervals.  The  number  of  data  samples  to  include  in  each  running 
average  la  determined  empirically  for  the  particular  diameter ist i cs  of  the 
data-processlng  system  rel-'tlve  to  the  detailed  requirements  in  Appendix  A 
and  to  tlie  rates  at  which  the  noise  signals  vary  with  time  during  the  flyover 
noise  recording.  References  12  and  13  contain  additional  discussions  of  data 
averaging  methods  to  meet  the  dynamic  response  requirements  of  FAR  36  when 
analyzing  transient  aircraft  noise  signals  (which  can  include  rapidly  rising 
and  rapidly  decaying  signals  from  a  flyover  .at  a  low  altitude). 

The  dlst'usslon  ol'  avc'r.igl ng,  Is  Included  liere  liei'.anse  Llu'  averaging 
process  Is  relevant  to  at  imisplier  1  c  ahsorpt  Ion.  i'lie  averaging,  process  not 
only  all'ects  the  iiiagn  1  tnde  of  the  sound  pressurt'  levels,  It  also  inf  I  nonces 
the  choice  of  the  Lime  to  associate  with  each  data  sample  and  hence  the 
Identification  of  tlie  average  ang.le  of  sound  propagation  and  the  propagation 
pathlength.  Moreover,  tlie  running- average  method  distorts  the  time  variation 
of  the  noise  levels  by  foreshortening  the  time  before  the  time  at  the  closest 
point  of  approach  and  lengthening  the  time  after  the  time  at  the  closest  point 
of  approach,  see  the  discussion  in  Ref.  14.  The  running  average  method  can 
thus  affect  the  value  of  the  duration  correction  factor. 

For  the  study  reported  here,  all  sound  pressure  levels  were  obtained 
using  only  a  500-ms  averaging,  time.  Shorter  averaging  times,  which  would 
luivi’  improved  angular  resolution  at  the  expense  of  statistical  reliability, 
were  not  considered.  No  attempt  was  made  to  obtain  ailditional  smoothing  or 
to  match  the  SLOW  response  characteristics  of  sound  level  meter  because 
the  running  average  iiu^thod  complicates  the  correlation  between  a  sample  of 
aireralL  noise  and  the  corresponding  location  of  the  aircraft  on  the  flight 
path  ;il  t.lie  time  when  it  eniilli'd  tlie  sound  chatneteri  zed  by  the  particular  data 
s.'Miiple.  Moreover,  there  was  a  concern  chat  if  the  present  Part  36  requirement 
slum  Id  be  eli,ing,cd  In  the  futuru  to  make  it  consistent  with  t'he  European 
practice  of  determining  atmospheric-absorption  lul.iustments  nt  0.5-8  intervals, 
Instead  of  Just  at  the  Lime  of  I’NLTN  ,  then  it  might  be  more  correct, 
teciin  Lea  I  ly ,  to  compute  tlie  running-average  values  after,  instead  of  before, 
applying  the  a tmospher 1 r-absorpt ion  adjustments.  Cons i dcrat 1 orui  of  when  to 


ptrrnrtn  n  ruiiniu);  .■wcr.p'.r .  l)owrv(>r,  wi-n'  In  vond  »iic  scdpc  of  llu'  c'urront  study. 


For  correlntion  purposes,  tlto  t  tnu'  .sss  n- i.sted  with  o.ich  500-ms  sample 
of  t ime- integ,rated  squared  sound  pressures  was  assumed  to  be  the  midpoint  of 
the  500-ms  period.  The  relative  da ta-proeess i nj;  start  time  at  0.0  sec  was 
.assumed  to  be  at  tlu'  bepinaiup,  of  the  first  500-ms  sample. 

With  regard  to  tlie  second  major  correction  factor  (namely,  background 
noise  conL.aminat  ion)  ,  it  is  a  requireminU  of  liA3b.  5  (d)  (3)  of  FAR  3f> 
tliat  the  1/3-octave  band  sounii  pressure  levels  of  tlie  aircraft  noise  signal, 
at  each  0.5-s  interval  ovr;  the  duration  from  when  tlie  I'NLT  is  first  equal 
to  10-dll  less  than  FNI.TM  to  wtu'n  it  is  last  ecjual  to  10-dB  less  than  PNLTM 
(or  the  duration  between  the  lO-dli-down  times),  must  be  at  least  5  dll 
greater  than  the  cor resiiond  Ing  lupiivalent  sound  pressure  levels  of  the 
background  noise.  It  also  i.s  a  requirement  of  §A3b.  5(d)  (3)  that  no  test-time 
FI’NL  may  he  computed  or  reportc.'l  from  data  from  which  more  than  four  1/3-octave- 
hand  sound  pressure  levels  have  been  excluded  because  of  background  noise 
contamination  for  any  spectrum  within  the  Id-dR-down  times. 

Sound  pressure  levels  that  exet'ed  th.‘  background  noise  level  by  more 
than  5  dll  may  tiave  the  background  noise  contribution  removed  using  the  rule 

1,  U)  log  [lo’^'^  '■P’"’  -  10^’^  ’’P’*’!  (47) 

P ,  s 

wlieri’  1,  is  sound  pressure  level  of  tlie  aircraft  noise  signal,  1,  is  the 
l',s  p,m 

measured  level  ol  Lite  combination  of  Lite  s  I  g.na  1  and  the  background  noise,  and 

I.  ,  is  the  sound  pressure  levi'l  ol  the  background  noise.  liquation  (47) 

I’.h  ^ 

.it'i'l  ies  wit.lt  the  restrict  ion  Ih.il  I,  -  I,  ,  '•  5  dll. 

p,m  li.h 

llec.iuse  the  true  lev  of  a  li  i  gh  -  f  requency  aircraft  noise  signal  can  be; 
very  low  as  a  result  of  atmosplier  Ic  absorption,  it  is  extremely  important  that 
an  accurate  and  aiiproprlate  luickground  noise  stu'ctruin  be  obtained  and  that 
tlie  5-dIl  rejection  rule  he  carefullv  ohsv-rvod.  Wlien  the  propagation  patli  Is 
relatively  long,  or  tlie  ,i tmosplie r  1 1-  coiulitions  are  quite  ab.sorptlve,  or  both 
th'.Mi  m.iiiv  ol  the  li  1  gli- f  req  ueiicv ,  or  even  low-  lu  mid-fretiuiMicv ,  band  levels  m.ay 
he  rejected  because  of  haekgrnuiul  noise  contamination.  Reference  15  describes 
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background  noise  considerations  in  analyses  of  aircraft  noise  measurement'-,  for 
certification  purposes. 

Some  aircraft  noi.se  analyses  have  attempted  to  u.se  an  estimate  of  the 
spectral  shape,  or  other  procedures,  to  .‘••upply  estimated  values  for  1/3-octave- 
hand  test-time  sound  pressure  levels  that  have  been  i-xcluded  by  the  5-dH 
rule.  Atmosplieric  absorption  ad  iiistments  linve  been  then  applied  to  tlie  esti¬ 
mated  liand  levels  in  order  to  detennine  reference-day  sound  pressure  levels. 

As  part  if  an  analysis  of  simultaneous  measurements  made  in  the  period 
from  .lanuary  to  March  1975  by  tlu'  NASA  Langley  Research  (ienter  and  the 
Douglas  Aircraft  (lom|)anv  of  t  lie  noise  produced  by  a  Ni.'Donnel  1  Douglas  DC-9 
powered  by  a  rel'anned  version  of  the  .I’l'd!)  engine  and  by  a  McDonnell  Doiglas  DC-9 
powered  by  .I'l'BD  engines  witli  no  acoustical  treatment.  Hosier'^  of  NASA- 
1, angley  described  tlie  use  of  an  arbitrary  -2  dB  per  1  / 3-oc.tave-band  rolloff 
for  lilgb-frequency  sound  pressure  levels  that  had  been  rejected  because  of 
contamination  by  background  noise.  Hocause  tlie  level  of  the  background  noise 
was  (|uito  higli  and  tlie  level  of  the  high-frequency  aircraft  noI.se  signals 
was  ratlier  low,  tlie  arbitrarv  rolloff  was  applied  by  Hosier  starting  at  band 
center  f  retiuenc  ics  of  IbOO  to  2000  H.t.  Tlie  NASA-I.angVey  data-proces.sing 
system  also  used  a  running  (or  moving)  average  procedure  to  .simulate  the 
exponential  time  weighting  of  the  SLOW  response  of  a  sound  level  meter. 

Kei'erence-day  h  igh- f  ri.’i|uency  souml  pressure  levels  were  calculated  by  NASA 
from  test -time  sound  pressure  levels  determined  using  the  -2  dB  per  band  rule. 

In  .'in.i  1  yz ing  tlie  same  noise  recordings,  llo.sior  noted  that  Douglas  Aircraft 
Company  used  a  spectral  truncation  rule  similar  to  that  used  for  the  data 
analyzed  for  tlie  present  studv. 

in  genor.il,  tiiorc  is  no  v.ilid  basis  for  determining  the  true  values  for 
siiimd  pressure  levels  rejeeted  liecaiu.e  of  background  iioise  contamination.  There¬ 
fore,  In  this  study,  when  the  measured  sound  pressure  level  was  not  more  '..ban 
5  dli  .ibove  tlic  b.ackground  noi.se  level,  the  indicated  sound  pres.sure  level  was 
set  equal  to  the  arliltrary  value  of  0.0  dll.  A  value  of  0.0  clB  was  chosen 
since,  with  the  system.s  that  weri'  used  for  dat.a  acquisition,  the  minimum 
me.isur.ih ie  1  / 3-oc t avo-bnnd  sound  pressure  level  was  bi-tween  30  and  35  dB. 
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No  spi'ctrum  synt  lios  i  s ,  or  spectrum  est  i  t  r.  •  ( ,e 
study  to  moke  up  a  complete  2A-l>antl  spv’c.truit 
pressure  levels  from  a  spectrum  tliaf  was  ..lissfnp;  soi. 
Iiressnre  levels  because  of  back}>rouiul  noise  cpn'- nr- hu'. 
nressure  level  of  0.0  db  was  included  in  tin-  sp;  rum 


as  used  111  tills 
.1  id  sound 
ive-hand  sound 
t  a  band  sound 
.d.'iL.,  ■  ed  for 


atmospheric  absorjit  ion  losses,  then  no  ailjustment  was  calculated  for  that 
band.  If  a  b.and  sound  pressure  level  was  sr'C  to  0.0  db,  tlie  [lerceived  noisi¬ 
ness  for  tliat  band  was,  set  to  0.0  novs. 


I'rocediires  used  durln)’  data  process  i  ny  for  time  averap.inp,  and  for  correc- 
llii)',  lor  backp.roiiiul  noise  eont  ;im  in.'it  Ion  havi'  been  discussed  In  some  det.ail 
here  because  a  varletv  ol  proceduies  are  enip  1  oved  in  pract  lee.'  ■'  *  ' 'phe 
discussions  above  In  Si'ctlons  2  .'iiul  ')  poinli'd  out  the  Import  auce  ol  haviii)', 
valid  measu  r(,'im'nt  s  of  the  sound  pressure  levels  at  the  receiver  (or  micro¬ 
phone)  and  showed  that  ad'iustments  for  atmospheric  absorption  losses  could 
lead  to  spurious  estimates  of  reference-day  sound  presstire  levels  If  tlie 
test-day  sound  pressure  l.i'vels  were  not  valid.  Tlme-cvorapin^  and  background- 
noise-correction  procedures  can  h.ave  a  slgniflc.ant  effect  on  tlie  validity 
of  tlie  test-day  sound  pressuri’  levi'l  data. 

Assuiii|)tion-i  Related  to  Atit;osplieric 
Absor|.„ion  Adjustments 

!‘our  liasic  assumpt  iunu  were  r.-uh-  in  ;ii.pivlnp,  tlie  analvtical  metliods  to 
(leler'i.ine  a  t  mos  pile  r  i  c -aliso  r  p  t  i  on  adjustment  l.ietors  lor  aircr.ilt  flyover 
'uiise  measu  ri'tH'ii  t  s .  Tliose  assumpt  ions  ai'e  i-ommonly  usetl  in  anaivses  ol  data 
lor  an  a  i  rcraf  t -no  is  ‘-cert  i  I  ic.it  Ion  compliance  demonstration. 


(1)  I’or  ivicli  fr''(|uencv  li.uui  of  interest,  tlie  effective  source  of  tlie 
sound  produced  liv  tlie  .lircraft  at  anv  point  on  tlie  fliglit  patli  Is 
at  tlie  location  of  an  .lircrall  refereni:e  jioint.  The  .aircraft 
rel'erei'ce  point  is  t  liat  wliicii  is  used  when  tracking,  the  aircraft 
duriii)',  till’  I  Ivovet  noise  r  eeo  rd  i  np, .  Tills  assumption  Is  tantamount 
to  an  assumption  lliat  tive  .a  i  re  ral  I -to-m  i  c  ro|ilione  distance  is  always 
l.ari’.e  eiioii)',li  Lliat.  tlie  microplione  is  in  tlie  acoustle  and  geometric 
lar  field  .and  tliat  the  aircraft's  noise  sources  can  hi’  conjiid’.’red 
to  radiate  from  an  eipiivaleiit  acoustic  )ioint  soiirci,’. 

(2)  Sound  Iron:  tlio  efpiivalenl  point  source  of  aircraft  noise  propagates 
outward  witliout  distortion  of  the  wavefronts  as  a  result  of  refraction 
liy  temperaluri'  grail  ieiils  or  se.il  t  er  i  ng,  iiv  almesplieric  lurhulence 


-■illlith  I-'*  -^1  j'li  ■  ■■ 
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caiisod  hy  inliomo)>t>n(' i  t  ii-s  in  air  toiniu'raLiiro  or  wind  velocity. 

Sound  1h,  therefore',  assumed  to  travel  alonp,  straiplit  ray  paths 
from  the  source  to  tilt  microphone. 

(3)  Nonlinear  propagation  I'ffects  on  tlie  waveform,  and  hence  spectrum, 
of  h  iph-ampl  i  tilde  sound  pri'sstire  sipnals  can  he  neplected.  ('I’his 
a'lsuinpt  i  on ,  while'  it  has  almost  universally  'icon  eipplii'd  in  previous 
.'inalvsos,  may  lU'cd  closer  scrut  inv  ffir  future  Uudii-s.  Wclisler 
and  Illackstock,  Kef.  17  conducted  a  stuily  whii.h  indicated  that  tfie 
h i ph- 1' re(|ui'ncy  ijpecLrum  in  the  far  field  of  a  high-amplitude  sound 
source  could  In-  significantly  affected  by  nonlinear  propagation 
effects . ) 


The  .assumptions,  th.at  the  airplane  noist'  sources  could  be  represented 
by  an  equlvalc'iit  acoustic  point  sourte  .and  tli.it  t  lie  sound  propagation  p.aths 
Wi're  straight  lines  I  rom  the  loc.ii  ion  ol  the  source  on  the  flight  path  to 
till’  m  I  e  rophoiu' ,  wi'ri'  iisi'd  (in  C(>;i  j  line  I  i  on  with  time  synch  ron  I  z.it  Ion  ol  the 
svsteiiis  for  recording,  .icoiisL  i  e.i  I ,  .1 1  rcr.i  f  t ,  ,ind  I  rack  i  ni;  d.ita  .-iiul  with  the 
idei'l.  il  ie.il  ion  of  e.ich  0.  l-.s  s.iniple  of  noise  data  at  the  midpoint  01  l  lii' 
lOO-nis  averag,  ing  period)  to  defiiu'  I  lie  g.eome  (  r  i  ca  I  re  I  a  L  i  onsli  i  ps  licLween 
Llie  noise  source  and  tlie  ri'ceiver. 


(4)  Till'  fourtli  liaslc  assum|)t  ion  was  tliat  tlie  spectrum  of  tlie  .sound  at  tlie 
microphone  contained  no  d  iseret  I'-freinii’iicy  components.  The  .spectrum 
was  .issumi'd  to  he  broadband  with  a  rela L 1  ve  1  v  smooth  distribution  of 
acoustic  energy  over  the  10  to  20 , OOO-llz  frequency  range  of  interest. 
I'l'he  I  reqiiencv  range  of  iniere.st  contains  frec|ucncies  that  are 
below  and  above  the  ii'ni.il  I  t  ecpienev  range  (43  to  ll,20f)  H^)  to 
account  for  eiierg.y  transmitted  through  the  lower  and  upper  stopbands 
ol  the  I  /  )-oc t ave-band  filters.) 


I'or  the  a  I  re  ra  I  t  tvpes  .and  enjtine  iiciwet  settings  for  which  data  were 
.available,  the  assumption  that  no  d  i  sc  re  t  e- f  requi’nc  v  components  were  present 
in  the  spectra  was  reasonalile,  especially  for  the  high  f  ri'quenc  ies  where 
lit  mospher  i  e- absorpt  i  on  elfects  are  imist  noticeable.  Atmospheric  absorption 
ad  i  list  meiit  s  for  d  i  scri’t  e-f  reipieney  components  within  a  1  /  3-oc.  t  ave-band 
spectrum  should,  t  heo  ri' t  i  ca  1  1  v  ,  he  treati'd  si'pnratelv  I'spi'cially  if  their 
freipieiicv  is  ni’ar  the  handedg.e  ol  a  I  liter.  Changes  in  tin'  apparent  frequency 
ol  sound  as  the  airplani'  approaches  and  recedes  from  the  microphone  (l.e., 
Doppler  fref|iii’ney  shifts  caus'-d  hy  cluanges  In  the  magnitude  of  the  relative 
speed  of  the  source  and  the  receivi'r)  slioiild  also  he  considered  in  calculating 
atmospheric-absorption  losses  for  discrete-frequency  .iiuI  broadband  aircraft 
sounds . 
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Assumptions  Regarding  Calculation  of  Tone-Correction  Factors 

Di.'tenn  i  iiat  loii  of  t'ffoi’Livc'  lu'm'ivt'd  iioiso  U'vo  1  rc'(|iiiros  c.i  Iciilol  ion  of 
;i  tom'-corroctlon  penalty  wbicli  is  to  be  added  tn  tlie  pereeived  noise  level 
to  form  the  tone-corrected  perceived  noise  level.  Section  B36.5  of  Appendix  B 
provides  details  of  tlie  procedure  to  in;  used  to  calculate  tone-correction  factors. 

However,  straijjlitforward  application  of  the  procedures  of  fili36.5  would 
have  produced  spurious  and  inconsistent  results  because  (1)  some  of  the  24  band 
levels  in  many  of  the  0.5-s  data  samples  were  expected  to  be  missing  since  they 
l\ad  been  rejected  because  of  contamination  by  high  background  noise,  and  (2)  all 
spectral  data  samples  were  known  to  contain  spectral  Irregularities  c/iuscd  by 
cancellation  and  re  1  nforceiiii'iit  efft'cts  resultiH)’  f  r(..ii  i  nterf  I'rence  lic'tweeii  the 
sound  th.al  directly  impingeil  on  the  microphone  and  sound  that  was  refli*cti‘d 
from  the  ground  to  tiu'  iii  1  c rophone  ami  arrivt-il  out  of  ph.ise.  (Irouiul  reflection 
elfects  wei'o  c.’iilaliK'd  In  the  spi*ctral  data  bi'cause  the  microphone  was  pl/iced, 
as  re(|ulri'd  by  I'AK  jb,  at.  a  heig.ht  of  1.2  m  abovi'  the  ground  surface.  The 
retpi  1  rcMiients  of  Apiu'iul  I  X  li  of  I'AR  3b  wiu'e  1  nt  ijrpreted ,  as  allowed,  to  avoid 
calculating  Lone-correction  penalties  for  spectra  with  missing  band  levels  or 
spectral  irregularities  from  ground  reflections.  The  intent  of  Appendix  B  is 
to  calculate  a  penalty  for  an  aircraft  noise  spectrum  having  pronounced 
irregularities  t;ausi.'vl  by  d  i  scret  e-f  retiuency  alrcriiit  noise  sources,  not 
spei'Lral.  Irregularities  caused  |■)v  l>ack)',round-nolse  contamination  or  ground- 
reflection  effects.  Tlie  wordlii)’,  ('f  IdlTb.  .’3(0 )  reflects  this  Intent. 

Another  specific  i  n  t  i*rp  re  t  a  t  I  on  tliat  had  to  he  made  was  to  ignore  the 
re(|ulrement  of  liAJb.  5(d)  (  !)  that  no  bl'NI.  he  calculated  or  reported  If  more 
tlian  four  hand  levels  are  missing  from  anv  spectrum  within  tlie  range  of  tlie 
lU-dli-down  times.  That  re(|u  i  renuint ,  which  may  he  reasonable  for  data-acqulsl- 
tion  systcm.s  in  use  after  1978,  could  not  be  retroactively  applied  to  the  older 
systems  used  to  acquire  the  data  avail.ible  for  the  study.  To  have  incorporated 
the  requirement  of  'i  A  3b ,  5  (d)  ( .! )  in  the  analyses  would  have  eliminated  most,  if 
not  all,  the  d.ita  lliat  wore  .ava i  1  at)  1  e . 

Section  H3().5(m),  in  the  '!  Aj'ri  1  78  version  of  I'AK  36,  Appendix  B,  permits 
tlie  exclusion  of  tone-correi’t  ion  penalties  resulting  from  pseudf)tones  caused 
by  ground-ref  U'ct  ion  effects  in  tlie  l/l-octave  bands  with  center  frequencies 
of  800  \{z  and  lower  (l.e.,  band  numbers  29  and  lower).  Spectral  irregularities 
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liy  ('.roiiiul-rcr  lt‘i'1  ion  cMfcLs  .-ii'i'  iiio.sL  |)ron()iin('t'<l  ;il  low  frequencies 
(usually  in  llie  '>')  Lo  AOO-llz  baiuls)  aiKl  are  f'enerally  negli^'i^>lc  above  1000  Hz. 

In  Kef.  18,  Rack!  discusses  problems  caused  by  pseudotones  in  calculations  of 
tone- correction  factors  and  recommends  cli;in>;l np  tlie  ml crojiiione  belpht  from 
1.2  m  to  10  Ill  for  fututi'  /i  1  re  ra  f  t -no  1  se-cer  I  I  f  1  ca  t  i  on  tests. 

lU'causo  there  was  no  eonvisiienl  w.iy  lo  eliminate  I  lie  speelral  I  r  le)',!!  I  a  r  I  I  I  es 
eausi'il  l)y  c.roiuui- rel  1  ee  I  I  on  el  feels  In  i  lie  iiieasuri'd  seund  pressure  livels,  suh- 
routine  I'KiTO  In  tin.'  eom|uiti'r  prop.r.im  Ineorporatt'd  the  opt  Ion  of  'i  Il'lC) . 'i  (ni)  and 
calculates  toni'  corrections  only  ovc'r  the  ranpe  of  hand  center  frc'f|uencles 
from  1000  Hz  (band  30)  to  10,000  Hz  (band  ''tO) ,  see  Volume  IT. 

Tone  corrections  were,  however,  calculated  for  band  sound  pressure  level 
differences  (R  values)  down  to  0.0  dll  according  to  Table  112  of  5B36.5. 

To  avoid  the  calculation  of  a  tone  correction  for  ;i  spectrum  with  band 
li'vels  missing  In  tlie  1000  to  10,000  Hz  range,  a  procedure  was  adopted  v/liich 
was  derivi'd  from  a  f  I  yover-no  I  se-ana  lys  1  s  coinptiler  prog, ram  called  OMKflA  3.3. 

That  program  was  prepared  for  the  lllodvnainics  and  lllocsig, Ineering  llranch  of  the 
USAl'  Aerospace  Medleal  Research  hahoratory  at  Wright-I’atterson  Air  I'orcie  Base. 

A  description  of  the  IISAI'  lompiiter  program  Is  given  in  Ref.  19. 

TTie  procedure  for  avoiillng  tone  corrections  caused  by  missing  band  levels 
was  to  limit  tlie  spectral  searcli  to  those  hands  around  the  band  containing 
tlie  maximum  sound  pressure  level  (in  the  1000  to  10,000-Hz  range)  which  had 
sound  pressure  levels  >  20.0  dll.  A  minimum  sound  jiressure  level  of  20.0  dB 
was  cliostsi  hecause  llu’  level  In  a  band  contaminated  by  background  noise  was 
sol  i'(|ual  to  0.0  (IB.  Therefore,  If  the  indicated  sound  pressure  level  was 
20.0  (IB,  that  level  had  to  be  valid. 

The  elev(si  hands  from  1000  lo  10,000  Hz  (l.e.,  band  30  to  band  40)  are  first 
searched  to  locate  the  maximum  1 / 3-octave-bnnd  sound  pressure  level  and  Its 
hand  luimher.  The  spectrum  is  tlien  searched  from  the  maximum  sound  pressure 
levi’l  toward  hand  24  to  find  the  band  number  where  the  level  Is  first  less  than 
20,0  dB.  The  search  Is  then  repeated  from  the  band  liaving  the  maximum  band 
level  toward  band  14  to  find  the  first  hand  number  where  the  level  is  again  less 
than  20.0  dB.  Tone  correct l(jns  are  then  calculated  over  the  range  of  consecu¬ 
tive  sound  pressure  levels  that  are  all  >  20.0  dB.  A  rule  is  used  that  there 
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huvt’  Lo  h(j  at  U'UHt  six  consecutive  bands  of  valid  data  (out  of  eleven)  for  the 
tone-correction  computation  to  proceed.  If  there  are  fewer  than  six  consecutive 
bands  where  the  sound  pressure  levels  are  ^  20.0  dB,  thi.  tone  correction  factor 
is  set  equal  to  0.0  dB  and  a  flag  is  set  as  a  warning  that  there  were  Insuffi¬ 
cient  valid  data  in  that  particular  data  sample. 

The  rationale  for  limiting  the  tone-correctioc  search  to  sound  pressure 
levels  ^  20.0  dll  was  derived  from  fiB36.5(t)  of  Part  16  which  permits  the  use 
of  a  frequency  analyzer  with  a  bandwidth  less  than  1/3-octave  band  if  it  is 
suspected  that  a  calculated  tone-correction  penalty  results  from  ether  than 
a  discrete-frequency  alrc.'aft  noise  source. 

Two  other  problem.s  addressed  in  development  of  the  subroutine  to  calculate 
tcne-correct ion  factors  were  band  .sharing  and  the  Identif  1  :'.ntion  of  "tones"  re¬ 
sulting  from  sharp  spectral  changes  caused  by  atmospheric  absorption.  For  many 
aircraft  noise  mea.surements,  both  of  these  problems  are  often  present  in  the 
li-band  frequency  range  from  1000  to  10.000  Hz. 

Band  sharing  mean.s  that  the  sound  pressure  l.’vel  In  some  band  is  affected 
by  the  presence  of  a  high-amplitude  discrete-frequency  component  in  an  adjacert 
band.  Band  sharing  is  often  encountered  when  a  discrete-frequency  component  has 
a  frequency  near  the  edge  of  a  band.  The  problem  of  band  sharing  Is  caused  by 
the  non-ideal  re.sponse  characteristics  of  practical  filtC'S.  The  influence  of 
the  .sluiring  of  energy  between  adjacent  hards  will  vjny  with  time  ourlng  a 
measurement  of  aircraft  flyover  noise.  Furthermore,  becaufu*  of  band  sharing, 
two  adjacent  1/3-octave-band  sound  pressure  lcvel.s  can  be  "encircled  '  in  the 
tone-correction  calculation  proces.c  prescribed  in  Appendix  B  of  FAK  36. 

If  two  adjacent  bands  are  encircled  [meaning  identified  as  possiblv  con¬ 
taining  discrete-frequency  compoiienta J ..  the  rules  of  Appendix  B  in  the  Apri.l  19/8 
version  of  FAR  36  do  not  jirovlde  a  means  to  distinguish  which  band  actually 
does  contain  the  discrete-frequency  component  and  to  assign  the  tore-correction 
penalty  to  tliat  b-and  and  not  to  the  adjacent  band  which  coaid  be  in  a  frequon-'y 
range  wliere  larger  F  factors  were  calculated  and  which  could  thereby  yield  an 
inappropriate  value  for  the  maximum  tona-correction  factor.  Even  tnough  the  air¬ 
craft  signals  .available  to  tills  study  did  contain  discrete-frequency  oeupono.nts 
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from  fan  noise  which  could  liavo  caused  a  hi  nd-shar Ins  problem  such  as  described 
above,  it  was  not  within  t!u'  scotn  ol  tlte  study  to  iUremiit  to  develop  a  specliil 
riili.'  for  i:omputlnK  Lent'  correct  Ions  when  two  adliii'cnt  I'inids  Wt'r  '  eiu' i  re  1  e,! . 

The  rules  of  lilflf).')  wert‘  simply  iij)pl  led  In  .a  si.  r.i  I  plit  1  orwiird  manner  lo  .ill 
v.il  Id  sound  pressure  levels  between  lOOO  and  10, (UK)  llz  ami  tlie  l.irgest  tone- 
correction  penalty  .so  calcui.ited  w.as  identified  its  the  tone-correction  fitc.tor 
for  the  spectrum. 

'Ihe  otlter  aspect  of  hand  sharing  whet  eby  the  frequency  of  some  particular 
discrete-frequency  component  (e.R.,  tlie  fundamental  of  tlie  fan“blade-pas.sing 
frequency)  shifts  from  one  hand  to  another  because  of  Doppler  effect.s  as  tiie 
airplane  passe.s  overhe;id  was  also  specifically  not  included  in  the  program  for 
aniilyzing  the  flyover  noise  diita.  for  thi.s  problem,  paragraph  B36.5(n)  of 
Part  3b  requires  that  tlie  average  of  the  five  toue-corrertion  factors  around 
the  time  of  occurrence  of  the  '.iiaximum  tone-corrected  perceived  nol.se  level 
(two  before  and  two  after)  he  conquitcd  and  compared  wlLli  Lite  toni'-cor rec L 1  on 
factor  calculated  for  tlie  tmixlmum  lesi-tlnie  Luiie-co  rriT  t  ed  perceived  mijue  level. 
The  iiverngc  tone-correct  Ivin  factor  Is  to  be  .substituted  for  tlie  tone-correction 
factor  tliat  had  been  c.ilcu.l ated  for  the  spectrum  at  the  time  of  PNLTM,  if  it  is 
larger,  and  thus  increase  the  previously  determined  value  of  PNL'l'M  but  not  change 
its  time,  of  occurrence. 

Incorporating  the  renuirement  to  comjnite  an  average  tone-correction  factor 
Into  tlie  computer  program  might  have  increased  the  value  of  the  test-time  PNLTM. 
The  test-time  duration-correction  factor  would  eliher  decrease  or  remain  the 
same.  Adjustment  f.-icturs  from  test-time  to  reference-day  conditions  would  he 
tlie  siime  for  tlie  1/ 3-oc tiive-band  sound  pressure  levels  whether  or  not  an  averagi’ 
tone-correction  factor  wa.s  calculated.  However,  changes  in  PNL,  PNLT,  and  dPN', 
would  hiive  been  distorted  because  tlie  sound  pressure  level  adjustment  factors 
are  calculated  only  For  one  {),5-s  data  sample  and  hence  there  would  be  no  way 
to  determine  the  change  in  the  average  tone-correction  factor  for  reference- 
day  conditions.  dalcii  1  at  Ion  of  ri'f  erence-day  adjustment  factors  at  every  0.5-s 
Interval  might  be  one  way  to  eliminate  the  potential  distortion  that  arises 
wiien  tlie  tone-correction  factor  for  tile  test-time  PNLTM  Is  increased  because  of 
band  sharing. 
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Witli  I'c-gnrd  to  tlie  problem  of  tono-ron  ect  Ion  pennlties  being  idontifled 
for  sbarp  spectral  changes  caused  by  atmospheric  absorption,  consider  a  broad¬ 
band  source  of  sound  such  us  jet  noise.  Tf  tlie  signal  from  such  a  source 
propagates  a  long  distance  under  moderate  to  h  lghly“ahsor(>L i ve  atmospheric 
conditions,  the  high-frequency  portion  of  tlie  spectrum  will  decrease  rapidly 
with  Increasing  frequency.  Tlie  tone-correction  calculation  procedure  in 
Appendix  B  of  Part  36  will  treat  any  sudden  change  in  spectral  slope  as  a 
spectral  irregularity  and  compute  a  corresponding  tone-correction  penalty.  Since 
the  source  of  sound  does  not  contain  any  actual  discrete-frequency  components,  the 
tone-correction  penalty  associated  with  tJie  effect  of  atmospheric  absorption  could 
be  the  largest  of  the  tone-correction  penalties  for  t)>at  spectrum.  The  resulting 
tone-corrected  perc.el’'cd  noise  level  could  turn  out  to  he  tiic  PNLTM  for  tliat  re¬ 
cording  of  flyover  noise. 

Mtliougli  assignment  of  a  tone-correction  penalty  for  a  spc-ctral  irregularity 
caused  I'y  atmospheric  absorption  was  considered  to  ho  as  inappropriate,  as  tone- 
correct lut»  penalties  for  irregularities  caused  by  ground-reflection  effects, 
there  was  no  obvious  way  to  modify  tlie  tone-correction  procedures  to  eliminate 
tlie.  prolilom.  Thus,  again  because  of  Ltie  limited  scope  of  the  study,  the  proce¬ 
dure  Irom  the  Aiiril  1978  version  of  Appendix  li  was  used  without  modification  and 
tlie  prol.aliio  occurrence  of  tone-cort  ect  ion  penalties  for  atmospheric-absorption 
effecls  was  anticipated.  Note,  tliat  rone-correction  penalties  for  spectral  irregu¬ 
larities  caused  by  atmospheric  absorption  are  similar  to  ‘•hose  caused  by  spectra 
from  which  band  levels  wore  missing  because  of  contamination  by  high-level  back¬ 
ground  noise.  However,  there  was  no  easy  way  to  eliminate  the  spurious  penalty 
as  there  was  for  the  missing-band-level  problem  or  fer  the  ground-reflection 
problem. 

Before  it  was  used  for  analyzing  flyover  noise  data,  the  computer  subroutine 
l’J6TC  lor  cniculaclng  tone-correction  factors  was  modified  to  cover  a  complete 
24-band  spectrum  and  chechod  against  the  example  in  Table  B3  of  5B36.5  of  FAR  36. 
The  check  also  included  the  calculation  of  perceived  noise  level.  All  entries 
in  Table  B3  of  Apiiendlx  B  were  replicated  by  the  subroutines  given  in  Volume  TI. 

Calculation  of  percol/cd  noise  level  by  the  computer  program  uses  a  math- 
matical  formulation  that  can  reproduce  the  perceived  noisiness  values  in  Table  B1 
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I't  Appendix  li.  Tablf  B1  was  oxti-aded,  la  the  3  April  78  version  of  Appendix  B, 
to  a  piTcelvcnl  noisiness  of  0.1  nov  from  the  nilnimiin  value  of  1.0  noy  In  an 
earlier  version.  The  mathematical  formulation  );JvGn  in  111536.  13  of  PAR  3C 
(3  April  78)  is  consistent  with  a  previous  version  of  Table  B1  and  is  not 
applicable  for  perceived  noisiness  values  less  than  1,0  noy.  Additional  slope 
factors  and  breakpoints  had  to  be  developed  and  included  in  the  computer  program 
in  order  to  be  able  In  compute  I’NL  according  to  SB36.3  and  Table  151.  The 
mathematical  formulation  that  was  used  for  perceived  noise  level  calculations 
Is  given  In  subroutine  'dl’NL  in  Volume  Tl, 

Assumptions  Reyardiruj  Calculation  of  niiratiiin-Correction  Factors 

The  duration-correction  factor,  DCF,  for  the  test-time  effective  perceived 
noise  level  was  found  from 

DCF  =  F.FNL  -  PNLTM  (48) 

while  the  duration,  DSKL,  of  the  test-time  sound  exposure  level,  SEL,  wa.s 
determined  from 

DSKl,  =  SKI.  -  am;  (49) 

where  AI.M  Is  rhe  maximum  value  of  tlie  time  series  of  A-weighted  sound  levels, 
Al,(i). 


iDfecI,  Ive  pv'rci'ived  iu)ise  level  w;u!  cnleulated  fnim 


EPNl;  =  10  leg 


^  0.1  PNLT(i) 

E 

i=t, 


+  10  log  (At/tj.) 


(50) 


wli.'ie  Ai  is  the  sample  length  of  0.5  s,  tj.  is  the  ef f ectivc-percelved-noise- 
level  re  I  cTi’iice  time  of  1.0  s,  and  ti  and  t^  arc  time.';  corresponding  to  the 
values  of  test-day  I’NI.T  which  are  closest  to  (PNLTM  -  10.0)  decibels,  i.e., 
the.  times  for  tl\e  10-dli-down  points. 


hound  exposure  level  was  calculated  by  a  similar  expression,  namely 
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f  10  1«)-,  (m71j|) 

where  At  is  also  equal  to  0.5  s,  but  the  SEL  reference  time,  t^,  is  equal  to 
1.0  s  instead  of  10.0  s.  The  summation  interval  in  Eq.  (51)  is  for  a  duration 
(t2  -  ti)  corresponding  to  teat-time  AL  values  closest  to  (ALM  -  10.0)  decibels. 

No  tone  corrections  are  applied  to  the  AL  values  in  the  calculation  of  SEL. 

The  only  Interpretation  of  the  requirements  in  5B36.9  of  FAR  36  that  was 
made  in  preparing  jomputer-program  subroutine  INTEO  to  perform  the  summations 
in  Ec|.s.  (50)  and  (51)  was  in  the  definition  of  the  initial  and  final  times  ti 
and  1 2 . 

By  the  rociuirement  of  3B36.9(b),  tlie  summation  interval  is  supi)Osed  to  be. 
determined  to  the  nearest  1.0  second.  To  comply  with  this  requirement  means 
using  some  form  of  a  round-off  rule  such  as  to  always  round  up  if  the  duration 
(tz  -  ti)  has  a  non-integral  value  from  tite  series  of  0.5-s  data  samples.  The 
rounding  up  could  he  done  by  either  reducing  ti  or  increasing  tz  .  An  alternative 
rule  would  be  to  round  up  if  tlie  number  to  the  left  of  the  decimal  f^int  was  odd 
and  round  down  if  the  number  was  even,  again  by  clianging  either  tj  or  tz* 

Since  by  the  rules  of  FAR  36,  the  duration  correction  factor  is  assurn'i^d 
to  be  the  same  for  test-time  conditions  as  for  acoustical  reference  conditions, 
any  consistent  definition  for  ti  and  tz  would  have  been  suitable  for  a  study 
of  atmospheric  absorption  adjustments.  Therefore,  the  rule  that  was  chosen  was 
based  on  fiB36.9(e)  wherein  the  applicable  limits  are  specified  to  be  those  times 
when  PNLT(i)  is  closest  to  PNLTM  -  10.0  and  also  chosen  to  yield  the  largest 
possible  value  for  the  duration  time  from  the  0.5-s  data  samples. 

Tf  there  are  several  PNLT  values  which  are  equal  or  close  to  PNLTM  -  10.0, 
tlien  the  starting  time  tj  is  at  the  midpoint  of  that  0.5-s  interval  when  PNLT  is 
for  the  first  time  equal,  or  closest,  to  PNLTM  -  10.0.  Similarly,  tz  is  at 
the  midpoint  of  the  very  last  0.5-s  interval  when  PNLT  is  equal,  or  closest,  to 
PNLTM  -  10.0.  No  attempt  is  made  to  round  the  duration  (tz  -  tj)  up  or  down  to 
the  nearest  1.0  second.  The  determination  of  ti  starts  with  the  first  data  sample 
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at  a  relative  test  time  of  0.0  seconds  at  the  beginning  of 
proceeds  toward  the  relative  time  of  tlie  last  data  sample. 

st;.'rts  at  tlie  ri'lative  time  of  ihe  l.-isl  ilata  sample  ami 
toward  tlic*  I  I  rsl  sample. 


the  sample  and 
Determinat Ion  of 
procei'd.'i  haekwa nis 


Description  of  Test  Cases 

Nine  samples  of  flyover  noise  data  were  used  to  study  the  application  of 
the-  various  adjustment  methods.  The  nine,  samples  Included  five  different  air¬ 
craft:  two  commercial  jet  transports,  a  business/executlv  jet,  a  turboprop- 
powered  commercial  airliner,  and  a  propeller-powered  general-aviation  airplane. 
Table.  1  lists  the  model  numbers  of  the  five  aircraft  and  gives  some  general 
information  about  their  propulsion  systems. 


i'or  tlic  DC-y-l4,  there  were  five  te.st  data  samples.  For  each  of  the 
other  four  aircraft,  there  was  only  one  test  data  sample. 


The.  data  for  tlie  727,  Learjet,  HS-748,  and  Beecli  Debonair  were  obtained 
from  Bolt  Beranek  and  Newman,  Inc.  (BBN).  The  particular  samples  of  1/3-octavc! 
band  sound  pressure  levels  for  these  four  aircraft  were  from  the  same  test  runs 
that  provided  the  narrow-band  sound  pressure  levels  that  were  to  have  been  used 
(as  described  in  Section  2)  for  validating  the  atmospheric-absorption  calculation 
metliod.  The  727,  Learjet,  HS-748,  and  Beech  Debonair  airplanes  were  selected  to 
provide  data  having  different  spectral  characteristics  and  acquired  under  dif¬ 
ferent  weather  conditions  than  the  I)C-9  data. 

The  five  samples  of  DC-9  data  were  chosen  from  recordings  made  during  a 
series  of  tests  conducted  under  the  joint  sponsorship  of  the  FAA  .and  NASA  in 
October  1974  at  Fresno  Air  Terminal.  The  main  purpose  of  those  tests  was  to 
study  the  effects  of  different  atmospheric  conditions  on  the  sound  measured  at 
ground  level.  The  test  airplane  was  flown  along  a  level  flight  path  at  various 
heights  over  microphones  mounted  on  or  above  a  taxiway. 

During  the  1974  test  progr.am,  recordings  were  made  of  approximately  270 
test  flights.  In  1977,  DyTec  lingli  ■  coring,  under  NASA  contract,  conducted  a 

7  0 

study  of  ground-reflection  effects  present  In  the  measured  data.  A  con- 
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sistent  set  of  data  was  obtained  by  re-processl'  ;;  ■  *n  of  the  recordings  to 

yield  37  sets  of  1/3-octave-band  sound  pressure  levels  at  0.5-s  intervals  through¬ 
out  the  duration  of  each  flyover.  Each  of  the  37  sets  of  data  contained  sound 
pressure  levels  recorded  at  six  microphone  locations. 

The  37  runs  represented  delta  acquired  under  a  variety  of  atmospheric  con¬ 
ditions  with  tlie  I.''C-9  test  airplane  flown  at  various  heights  above  ground  level, 
(i.o.,  various  sound  propagation  patlilengths  at  equal  sound  emission  angles), 
i’he  222  Individual  data  samples  (b  microphones  times  37  runs)  were  examined  to 
select  the  five  samples  analyzed  for  tlds  study.  Most  of  the  available  DC-9 
data  had  the  same  problem  noted  in  Section  2  in  tlie  description  of  the  attempt 
to  obtain  narrow-band  flyover  noise  levels,  namely  high-level  background  noise 
which  contaminated  the  higi\-f requency  portion  of  the  spectrum  at  most  (or  often 
all)  of  the  0.5-s  data  times. 

lligli-fre.quency  contamination  of  the  flyover  noise  levels  was  of  little 
concern  to  the  ground-reflection  study  because  the  spectral  irregularities 
caused  by  ground  reflections  are  primarily  low-frequency  phenomena.  However, 
since  atmosptieric  absorption  is  primarily  a  high-frequency  problem,  the  loss 
of  most  of  tlie  h  igli-f  requency  data  was  a  significant  limitation  on  the  useful¬ 
ness  of  the  aval lab Le  data  for  the  present  study. 

'I  he  i7  available  runs  included  data  at  three  nominal  heights  (152,  335, 

•uid  610  m)  and  tliree  nominal  tlirust  settings.  The  seven  runs  at  the  nominal 
61U-m  height  were  eliminated  because  none  had  any  spectral  samples  with  sound 
pressure  levels  in  tiie  8  and  lO-kilz  bands  and  only  a  few  had  data  for  the  5 
and  6.3-kHz  bands.  fhc  live  runs  at  the  highest  engine  power  setting  (at 
nominal  heights  of  l.>2  and  335  m)  also  had  no  data  samples  with  valid  sound 
pressure  levels  to  the  lO-kHz  band.  Of  the.  remaining  25  runs,  22  were  for  one 
nominal  thrust  setting  and  3  were  for  the  lowest  thrust  setting.  The  25  runs 
were  examined  to  select  data  sets  having  at  least  several  0.5-s  Intervals  with 
valid  sound  pressure  levels  to  the  10-kHz  band. 

Table  2  i ists  some  of  the  relevant  parameters  for  the  nine  runs  that  were 
examined.  The  five  n(..'-9  runs  include  four  at  the  nominal  152-m  height  and  one 
(run  37A)  at  the  nominal  335-m  (actual  341-m)  height.  Except  for  run  322,  the 
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DC-9  runs  were  all  at  tliL-  moderate  thrust  of  26.7  kN  per  engine.  For  run  322, 
the  airplane  was  flown  at  the  low  thrust  setting  of  13.3  kN  per  engine.  Data 
for  tlie  lower  powcir  setting  were  included  In  order  to  study  the  t'ffect  of  the 
dilfi'i'eiit  spi'Ctral  ^illMlle  associated  with  the  lower  lliiiist  settlor,.  Dal.i  lor 
the  341-m  heiglit  of  run  37A  weri-  locludi'd  to  .studv  the  el  leet  ol  .idiust  lop,  dat.i 
nie.asuri'd  over  longer  pathlengths  even  thougli  there  were  no  lO-kllz  data  avail.ahle. 
Run  374,  however,  was  ahout  tlie  hest  of  the  17  runs  available  at  the  nominal 
333-ni  lujlght  in  terms  of  having  several  valid  samples  of  data  In  the  8,  6.3, 
ami  b-kllis  hands. 

The  four  sets  of  data  obtained  from  RUN  were  for  a  variety  of  conditions. 

The  Learjct  and  tlie  Debonair  data  wore  obtained  for  level-flight  conditions 
as  were  the  DC-9  data.  Tlu-  727  and  ;iS-748  data  were  obtained  for  climbing 
Iliglit  patlis;  the  727  dat.-i  were  recordisl  below  an  actual  takeoff  flight  path 
from  Los  Angeles  International  Airport. 

i'o  '  all  nine  data  sets  shown  in  Table  2,  the  data  were  measuri'd  by  a 
m  I  c.roplione  loc.atetl  1.2  m  .iliove  .i  concrete  or  .asphalt  p, round  surface.  'I'he 
1.2-m  helglit  Is  specified  In  FAR  16  aiid  was  used  for  all  data  here  even  though 
some  of  tlie  l)C-9  data  were  measured  with  a  inicrophont‘  flusli  in  a  plywood  sheet. 
The  flush  microphone  ilata  were  not  used  because  the  spectra  would  not  liavc 
been  comp.iLlble  with  tlie  spectra  from  the  1.2-m-high  microphones  used  for  the 
RRN  data  and  because  then'  was  no  significant  diffi'renee  in  the  number  of 
high-frequency  bands  contaminated  by  high  background  noise  level  f;  for  tlic;  flush 
and  1.2 -in  data. 


As  a  final  remark  .ih'-  ‘  the  d.ita  runs  in  Table  2,  note  that  the  heights 
of  the  727  and  Debonair  tests  were  eompnrahle  to  the  heights  for  tlie  DC-9 
tests.  ’I’he  1IR-74H  height,  however,  was  two  to  four  times  greater  than  the 
height  for  the  DC-9/727  tests;  the  I.earjet  height  was  four  to  nine  times 
gri'.ater  than  tlie  height  for  the  l)(!-9/727  tests.  ’I'he  turbojet  engines  on  the 
I.earjet  'were  capable  of  providing,  a  liigli  s  ignal -to-no  ise  r;it  io  over  a  wide 
range  of  f  ri'quenc  i es  evi'ii  over  siicli  .i  long  propac.at  ion  path. 

Test-Time  Meteorological  Data 

I'lie  nine  test  cases  of  ’I’able  2  were  «'liosi‘n  to  provide  a  variety  of  ti'ni- 
perature  and  humid  it  v  com!  It  Ions  and  vertical  profiles  as  well  as  iiropagation 
pathlengths  and  sound-sou rtu'  spectral  shapes. 
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The  most-comi)lcto  meteorological  data  were  n'e.'m.irod  during’  tl»o  TAA/NASA 
tests.  I'or  those  tests,  an  inst  nimenl  ed  met  eorol  o;;  ical  ti'st  airplaiii'  was  used 
to  sample  tlie  atmosplierlc  conditions.  Vertical  profiles  ol  t  emper.atnre  and 
humidity  were  measured  several  times  on  o.acli  no  i  se-measu  remetit  test  day.  for 
eacii  set  of  meteorological  measurements,  data  were*  provided  at  30  lieights 
ranging  from  30.5  to  915  m  at  Intervals  of  30.5  m.  A  set  of  data  at  a  height 
of  1.2  m  was  also  provided. 

for  eacli  lu-lglit,  a  1  Ine.ar  interpolation  method  was  used  to  olitaln  meteoro¬ 
logical  d.'itn  tliat  would  lie  appiicalile  io  tlie  t  Ime  (at  overliead)  (.  f  the  flyover 
noise  recording.  A  sliort  computer  prog, ram  was  writtisi  to  read  all  tlie 
measured  temi'ierature  and  relative  liumldltv  data,  to  calculate  corresponding 
values  at  tlie  times  of  tlie  37  flyover  noise  recordings,  and  to  list  the  Inter¬ 
polated  data  onto  a  computer  flit*.  Data  cor  respond  Ing  to  a  height  of  ID  m 
(for  tlu’  so-called  surface  conditions  according  to  I'AK  jh)  were  interpolated 
between  data  for  heights  of  1.2  and  30.5  m. 

in  contrast  to  the  di'tallod  meteorological  data  available  from  the  fAA/ 
NASA  0(1-9  tests,  the  lour  sets  of  data  from  IlHN  only  liad  surface  meterolog Leal 
data  for  two  ru.'s.  for  tlie.  ottier  two  runs,  meteorological  data  were  available 
to  a  limited  number  of  lielghts.  for  the  lleech  Debonair,  meteorological  data 
were  measured  at  the  surface  and  at  the  airplane  height,  for  the  hearjet, 
meteorological  data  were  measured  at  several  heights. 

Table  3  summarizes  the  meteorological  condltion.s  for  the  nine  test  cases. 
Air  temperatures  and  relative  liumidities  are  listed  for  the  lO-m  height  and 
lor  the  heig.ht  of  the  air|ilane  wtien  it  was  over  the  microphone.  Note  that  the 
leinperature  rangi.'d  from  eool  to  ratlier  warm  witli  lapse  rates  ranging  from 
iieg.ative,  to  isothermal,  to  positive  ( t  emperati.  re  Inversion). 

To  help  visualize  tlu'  vertical  variation  of  temperature  and  relative 
Inimitlity,  fig.  .’A  shows  the  vertical  profiles  for  tiic  six  runs  where  data 
were  measured  .it  several  lieights,  I.e.,  tlu-  five  D(;-9  runs  and  the  Lcarjet 
run.  for  eacli  ti-st  run  in  I'lg,.  g.'i,  tlie  data  were  plotted  at  the  height  of 
the  midpoint  of  the  liorlzontal  layer  ol  tin*  atmosphere  defined  bv  the  lielghts 
wliere  tlie  meteorological  d.-ila  were  measured.  Tlie  1)09  data  were  )ilotted  to 
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Figure  24.  -Measured  vertical  profiles  of  air  temperature  and  relative  humidity  for 
test  cases;  also  profiles  of  difference  between  atmospheric  absorption 
coefficient  by  SAE  ARP866A  at  3150  Hz  at  height  and  at  10  m  height. 
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a  midpoint  of  about  180  m  to  illiistrato  tlie  troncls  and  to  extend  the 

profile  above  tlie  341-m  airplane  heigliL  of  run  174  In  t‘iK<  2<'i(d).  In  all 
cases, the  height  of  the  airplane  Is  shown  by  tlie  double-beaded  horizontal 
arrow  in  the  temperature,  profile  with  the  label  AH  for  airplane  height. 

As  explained  In  an  earlier  part  of  this  Section,  the  KAk  1b  criterion  for 
applying  a  layered  atmosphere  analysis  in  calculating  adjustments  from  tost  to 
reference  conditions  depends  on  the  difference  between  the  atmospheric  absorp¬ 
tion  coefficient  (as  calculated  by  SAP.  AKl’HbbA) ,  at  a  frequency  of  11.50  Hz, 
at  any  lu'lght  up  to  the  height  of  the  .-urplani-  at  the  time  of  souiul  emission 
and  the  atmospheric  absorption  coefficient  at  1150  Hz  at  the  surface  (i.e., 
at  the  10-m  lu'ig.ht).  If  this  tllffereni’e  exceeds  .■*0.21  clli/lfK)  m,  thi.’n  a 
layered  atmosphere  analysis  has  to  be  performed. 

The  difference  In  atmospheric  absorption  coefficients,  '«3i!jo(H)  - 
is  also  plotted  for  each  test  run  in  I'ig.  24.  Tt  is  Interesting  to  note  that 
none  of  the  five  DC  '*  runs  that  were  selected  would  have  required  a  layered- 
atmosphere  analysis,  even  for  run  158  In  I'ig.  24(c)  where  there  was  a  rela- 
l  Ivi'ly  strong  temperature  Inversion  in  conjunction  with  a  rapid  reduction  of 
relative  humidity  with  Increasing  height.  For  run  272  in  Fig.  24(a),  the 
atmospheric,  conditions  above  a  height  of  200  m  were  quite  absorptive  and  data 
(If  there  had  bi'cn  any)  from  tests  at  such  heights  woultl  have  required  a 
layeri'd-atmosphere  ana iys  Is. 

For  the  I.enrjc't  run  In  Fig.  24(1),  the  relative  humidity  was  low  and  did 
not  decrease,  by  much  while  the  temperature  decreased  rapidly  from  the  surface 
to  till'  lu'lght  of  the  aircraft  at  115')  m.  As  a  result,  the  absorption  along 
the  sound  proiiagat  ion  jiath  was  quite  a  bit  greater  than  at  the  surface  and  the 
+0.21  dB/lOO  m  criterion  was  exceeded  at  a  height  of  about  100  m.  A  layered- 
atmosphere  anal  vs  is  would  have  been  required  for  the  Lear jet  data. 

A  basic  quantity  affecting,  the  absorption  of  acoustic  energy  by  the 
atmosphere  is  the  amount  of  water  vapor  present.  In  the  current  model  of 
atmospheric  absorption^,  the  molar  concentration  of  water  vapor  is  used  as 
the  measure  of  humidity.  Molar  concentrations  were  calculated  at  each  height 
where  meteorological  data  were  available.  For  each  test  case,  the  air  pressure 


at  any  height  was  assumed  to  have  the  value  measurt’d  at  the  10-m  height. 
Subroutine  MOLAK  in  Volume  71  was  used  to  perform  tlic  calculations. 

The  resulting  vertical  profiles  of  the  molar  concentration  of  water 
vapor  are  shown  in  Klg.  25.  Four  of  tlie  five  DC-9  runs  [Fig.  25(b)]  had 
similar  profiles  with  molar  concentrations  ranging  from  1.0  to  1,15  percent 
over  tlie  range  of  holglits  to  380  m.  Run  272  [Fig.  25(a)  ]  was  different  in 
that  the  atmosphere  was  <|nlte  dry  (a  molar  concent r.it  Ion  tu'tween  0.69  and 
0.  73  percent)  to  a  heij'.ht  of  about  170  in.  Above  that  height,  the  humidity 
Increased  rapidly  to  a  value  of  .ihoiit  1.0  p(>rcent .  The  more-humid  layer 
aloft  accounts  for  tin-  l.ict  that  the  absorption  coell  Iclent  was  lower  than 
at  tlie  surface  at  heights  above  170  m  In  Fig,  24(a). 

The  liumldlty  profile  for  the  I.carjet,  Fig.  25(c),  was  significantly  dif¬ 
ferent  tlian  those  for  the  l)C-9  tests.  The  humidity  at  all  heights  up  to 
1370  m  was  less  than  at  the  surface.  The  drier  conditions  at  altitude  account 
for  the  absorpt  ion  coefficient  being  greater  aloft  than  at  the  surface  and 
for  the  positive  values  of  the  profile  of  differences  In  absorption  coeffi¬ 
cients  In  Fig.  24(f). 

The  molar  concent r.-it  loius  in  Fig.  24  rangi'il  from  0.'3  to  1.15  percent  with 
the  driest  conditions  being  associated  with  the  August  test  of  the  I.earjet 
at  Fresno  Air  TorinInaJ.  The  October  tests  of  the  I)(l-9  (all  at  Fresno  also) 
were  generally  somewliat  more  humid.  All  measured  humidity  values  in  Fig,  25 
were  .significantly  lower  than  the  humidity  associated  with  the  FAR  36 
conditions  for  an  acoustical  reference  day.  At  25"  C,  70-percent  relative 
humidity,  and  one  standard  atmosphere,  of  air  pre.ssure,  the  molar  concentra¬ 
tion  2.18774  percent  or  two  to  four  times  tliat  existing  at  the  time  of  the 
flyover  noise  measurements.  Thus,  in  general,  it  was  expected  that  the 
adjustment  factors  from  tost  to  reference  conditions  would  be  positive,  i.e., 
tliat  tlie  sound  pressure  levels  would  be  greater  under  reference  condition, s 
tlian  undei'  test  conditions,  eHi)eclally  at  high  frequencies. 


Sound  Propagation  Paths 


Tu  order  to  calculate  the  attenuation  of  sound  during  ))ropagation  through 
the  atmosphere  It  is  necessary  to  determine  the  length  of  the  sound  propaga- 
t  Ion  path.  [f  the  meteorological  conditions  are  not  constant  over  tlie  patli, 
then  i.  jiath  must  be  segmented  according  to  Intervals  of  height  over  whicii 
average  nH'teorological  conditions  are  known  (i.e.,  by  strata  or  horizontal 
layers  of  the  atmosphere). 

A  description  Is  iirese.nted  here  of  the  procedure  that  was  developed  to 
calculate  tlie  incremental  distances  along  a  sound  propagation  path.  The 
procedure  is  specifically  applicable  to  the  geometry  of  the  te--'  cases;  it 
could,  however,  he  readily  adapted  to  other  noise-measurement  situations. 

Tlie  symbols  and  terminology  used  fu-re  are  consistent  with  the  corresponding 
usage  for  the  computer  program  in  Volume  TI. 

We  liegln  by  ('numerating  certain  assumptions  relevant  to  the  test  cases. 

(1)  The  airplane  flies  at  constant  speed,  V^,  and  Mach  number,  M^,  along 
the  fligl't  patli  for  the.  duration  of  the  recording  of  the  noise. 

(2)  The  airplane  is  always  .it  a  large  enougli  distance  that  the  noise 
tluit  it  produces  can  be  considered  to  be  emitted  from  a  single  equivalent 
acoustic  source  located  at  tlie  airplane  reference  point,  i.e.,  the  point  used 
for  determining  the  location  of  the  airplane  on  the  flight  path. 

(2)  Th fliglit  path  is  straight  for  the  duration  of  the  noise  recording 
and  Inclinfd  at  an  angle,  y>  to  the  hotizontal  where  y  ts  positive  for  climb¬ 
ing  flight  and  .legative  for  descending  flight. 

(A)  '1  be  sound  from  the  aircraft  sourc'  propagates  at  constant  speed,  c, 

along,  a  scratg,ht  line  to  the  microphone,  i.e.,  variations  in  propagation 
direct  ion  (refraction)  caused  by  temperature  variations  (hence  sound  speed 
var  i  a  1.  ions )  can  hc'  neglected. 

(.b)  TIu'  airplane's  flight  path  is  directly  over  the  mlcropiione. 


(6)  The  lieifilit  of  the  aiipiane,  AH,  is  measured  when  the  airplane  is 
overhead  (i.e.,  when  tlie  airplane  reference  point  is  over  the  microphone). 

(7)  The  microphone  is  mounted  on  a  stand  at  a  lu'lp,l\t  7M  above  the  flat 
ground  plane. 

(8)  A  timing  mark  is  reoortled  when  tlie  overhi-ad  position  of  tlu'  niri)lane 
is  measured,  i.e.,  at  time  TOtl.  Tlie  timing  mark  and  tlie  measurements  of 
height,  airspeed,  and  fl  Ig.ht-patli  angle  are  the  only  Information  available 
for  tracking  the  airplane's  position  ns  a  function  of  time  along  the  flight 
path. 

(9)  Noise  data  samples  are  averaged  over  0. S-s  periods  and  are  available 
at  0.  5-s  Intervals  throughout  the  durat  !on  of  tlie  noise  recording. 

(10)  The  position  of  tlu'  (.‘c|uivalenL  airplane  noise  source  along  the 
flight  path  is  correlated  with  tlie  time  at  tlie  midiioiut  of  a  corresponding 
0. 5-s  samp  h'  of  noise  data. 

It  was  convenient  to  analyze  tlie  general  situation  according  to  a  relative 
test -dat a-sampl e  time,  TR,  defined  as  time  relative  to  the.  time  at  the  over¬ 
head  po.sition. 

T'imc  at  overhead,  TOll ,  v/as  provided  as  part  of  tlie  input  data  in  seconds 

on  a  24-hr  (8b,A0('  s)  basis,  Tlie  tlmti,  TS ,  at  the  beginning  of  the  first 

0. 3- s  sample  of  noise  data  was  also  provided  in  seconds  on  a  2A-hr  basis, 

i'luis  (Ton  -  TS)  represents  tlie  time  at  overhead,  in  seconds,  relative  to  the 

time  at  the  start  oi  the  first  data  sample. 

Tlie  stream  ol  0.  S-s  no'se  data  s.nniples  was  di'signated  as  TT(1)  =  0.0, 

TT(2)  =  0.  .3,  TT('3)  -  1,0,  TT(^*)  =  1.3,  and  so  on,  where  TT  represents  test 
time  and  TT(1)  is  identified  with  0.0  seconds  at  the  beginning  of  the  first 
data  sample.  For  the  1-th  data  sample,  the  test  time  at  the  midpoint  of  the 
sample  is  thus  [TT(I)  +  0,231  in  seconds  relative  to  the  beginning  of  the 
first  data  sample. 


'I’liiu',  111  seconds,  for  tlio  midpoint  of  oiiv  dnta  s/impli'  rol jit  Ivc'  to  t  Inu'  at 
ovi'i'lu’.’id  Is  I  Ihim 

t 

Tlt(l)  -  I'lTd)  +  0.2'' 1  -  (Toil  -  TSl.  (Td 

for  .any  particular  sample  of  data  tlio  sot  of  l/l-octavi?-band  sound 

pressure  levels  associated  with  the  maximum  value  of  the  tone-corrected 
perceived  noise  level),  the  determination  of  the  corresponding  sound  propagation 
path  depended  on  whether  the  value  of  TR  was  less  than,  equal  to,  or  greater 
than  zero,  that  is,  on  whether  the  airplane  was  prior  to  at,  or  past  the  over¬ 
head  point. 

Figure  2h  shows  the  relevant  geometrical  relationships  for  the  three 
possl h  1 1  it  1  os  and  defines  the  important  angles  iji  and  iji  and  the  auxiliary  angle 

h. 


The  airplane  files  at  constant  speed  V,^,  and  Macli  number  M^,  along  the 
flight  path  Inclined  at  angle  y .  Tlie  mlcroplione  is  at  tlie  receiver  position 
R  near  tlie  ground  plane. 

At  iiolnt  F  on  the  flight  path  the  airplane  emits  a  noise  signal  which 
propagate. •  at  speed  c  toward  the  microphone  at  sound-emission  angle  relative 
to  the  flight  path  and  the  direction  of  flight,  in  the  time,  At,  that  it  takes 
for  the  noise  .ignal  to  propagate  tlie  distance  c(At)  trom  E  to  R,  the.  airplane 
moves  along  the  flight  path  a  distance  V  (At)  to  point  P.  The  airplane  position 
at  iioint  P  is  at  angle  4)  relative  to  the  flight  path  and  the  microphone. 

The  auxiliary  angle  n  can  be  readily  found  from  the  law  of  sines  for  plane 
triangles  as 


[c(At)  ]/sin(ii  -  4)  =  (V^^(At)  ]/sin  n 


from  which  we  olitaln 


n  =  arcsin(M  sin  4) 

3 


where 


M  =  V  /c, 
a  a 


(53) 


(5A) 
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(c)  AFTER  AIRPLANE  IS  OVERHEAD,  TR  >  0. 


Figure  26. -Geometrical  relationships  between  aircraft  and  microphone  at  different 
relative  times  during  a  flyover. 


The  sound-emission  angle,  \li,  which  needs  to  be  determined,  can  be  related 
to  (fi  and  n  using  the  trigonmetric  relation 

=  i/j  +  n 


from  whicli 

i()  -  -  n  (55) 

Therefore,  if  angle  (Ji  can  be  found,  then  angle  ij;  can  be  determined  using 
Eqs.  (55)  and  (5A)  for  a  specified  aircraft  Mach  number. 

In  thu  special  case  at  overhead  when  TR  =  0,  Fig.  29(b),  angle  (}>  ■  (n/2)  +  y. 
Note  tliat  for  level-flight  flyovers  with  y  •  0,  the  sound-emission  angle  becomes 
tj;  =  (ii/2)  -  arcsln(M^^)  -  art;cnM(M^)  wIkmi  the  airplane  is  over  the  microphone. 

To  cU  termini’  the  values  of  (|>  anil  ij)  at  limes  other  than  overhead  requires 
the  use  of  some  geometrical  relationships  ilerived  from  the  available  information. 
Figiire  27  Illustrates  the  definition  of  quantities  used  to  determine  angle  ij)  on 
the  assumption  that  angle  y,  aircraft  Mach  number  M_^,  and  distance  from  the 
ml crophone  to  the  flight  path  at  the  Instant  when  the  aircraft  is  overhead  are 
all  known. 

The  calculation  I'rocess  proceeds  as  follows; 

(1)  Determine  the  distance  AMH  from  the  airplane  to  the  microphone  at  the 
time  of  overhead,  i.e.  ,  AMH  =  AH  -  /.M. 

(2)  From  AMH  and  (light  path  angle  y,  find  the  minimum  distance  DM  to  the 

flig!*:  path  from  the  microphone  at  point  R  (DM  ■  AMH  cos  y)  and  the  distance  DH 
hack  along  the  fllglit  jiath  from  the  overhead  point  to  the  point  of  the  closest 
a|)]iroach  (1)11  =  AMH  sin  y) .  1  Distance  Dll  is  positive  for  cllmhlng  flight  paths 

when  y  Is  positive  and  negative  for  descending  flight  i^aths  when  y  is  negative.] 

(1)  The  point  I’  on  the  flight  path  is  where  the  airplane  is  when  the  sound 

emitted  at  jiuint  I'l  reaches  the  microiihone  at  point  R  at  some  specific  relative 

time  TR.  The  distance  DO  along  the  flight  path  from  the  overhead  point  to  point 

1’  Is  given  hy  DO  =  (V  ) (TR) ,  Distance  DO  is  negative  when  TR  la  negative.  Fig. 

a 

27(a),  and  positive  when  TR  is  positive.  Fig.  27(h). 


IIA 


{■)  BEFORE  AIRPLANE  IS  OVERHEAD,  TR  <  0. 


(b)  AFTER  AIRPLANE  IS  OVERHEAD,  TR  >  0. 


Figure  27.  -Definition  of  quantities  used  in  calculating  angles  <t>,  r;,  and  *l>:  sound  propagation 
distance  PD;  and  aircraft  height  above  the  microphone  height  at  the  time  of 
sound  emiuion  AHS. 


(4)  Calculate  angle  if  >  Iti  radians,  from 


t  =  arctan(-DM/{Dn  +  DO)]  (56) 

wlu-n  Dli  +  1)0  •  0,  iiiicl  from 

I  ■=  II  -  arctan(nM/(l)U  +  DO))  (57) 

when  Dli  +  DO  ■  0,  When  distanci'  (Dll  +  DO)  "=  (1,  then  point  I’  Is  .'it  the  minimum 
distance  point  and  <{i  “  tt/2.  (Tlie  minus  sign  before  DM  in  the  numerator  of  the 
argument  of  the  arct.angent  in  I’.q.  (56)  was  included  to  eliminate  negative  values 
fur  angle  i)>  when  1)15  +  DO  is  negative.) 

(5)  Calculate  auxiliary  angle  n,  in  radians,  by  using  Mq.  (54)  knowing 

M  and  i)i . 
a 

(6)  Kind  angJe  i|),  in  radians,  by  applying  Ktj.  (55)  using  the  calculated 
values  of  (|)  and  ii. 

(/)  Dei  ermine  the  total  sound  propaj’nt  Ion  p,ithlength  or  distance,  I'D, 

I  rom 

I’D  -  l)M/sln  i|i  (58) 

l  or  any  relal  Ive  i  ime. 

(8)  Finally,  determine  the  difference  between  the  height,  ZM,  of  the 
microphone  and  the  height  of  the  airplane  noise  source  at  iioiut  K  when  It 
emitti’d  the  sound  that  reached  the  microphone  at  the  specified  relative  time. 

The  height  difference,  AllS,  is  found  from 

Alls  “  ri)  sln(i|/  -  y)  (59) 

for  any  relative  time. 

Till'  incremental  distances,  D(K) ,  along  a  sound  propagation  path  can  now 
he  determiiu'd  given  angles  i|)  and  y  and  the  height  difference  AHS .  Figure  28 
illustrates  the  general  scheme  for  calculating  the  lengths  of  the  segments  of 

U8 


Figure  28.  •Illustration  of  procedure  for  calculating  incremental  distances,  along  sound 
propagation  path  of  length  PD  from  R  to  E,  which  correspond  to  heights 
HM  (K)  where  meteorological  data  were  measured. 


the  propagation  path  according  the  the  heights,  HM(K),  where  meteorological 
data  were  measured.  Tl>e  Index,  K,  for  the  array  of  heiglits  and  pathlength 
segments  starts  at  1  for  tlie  heiglit  or  segment  nearest  to  the  ground. 

Except  for  the  first  and  iast  pathlength  segments,  tlie  general  expression 
for  calculating  the  length  of  a  pathlength  segment  Is 

I)(K)  =  IHM(K+1)  -  HM(K)l/sin(il.  -  y)  (60) 

for  any  relative  time. 

For  tile  first  patlilength  segment,  the  array  of  heights  is  searched  to 
Identify  tlie  first  height  whlcli  is  greater  than  the  microphone  lielght  ZM. 

For  oxamiile.  In  Fig.  28  that  first  helglit  is  IIM(2).  The  index  of  the  first 
metoorologicai  data  height  wlilch  is  greater  than  tlie  height  ZM  is  designated 
in  the  computer  program  by  Index  KK  and  the  first  pathlength  distance  is 
found  f  roiii 


1)(1)  =  lllM(KK)  -  ZMl/sln(!|i  -  y) .  (61) 

The  distance  along  the  last  segment  of  the  propagation  patli  (or  really 
the  first  segmeiU  for  propagation  proceeding  from  the  location  of  the  equiva¬ 
lent  source  of  noise  toward  the  microphone)  requires  special  consideration 
hecuuse  the  height  of  the  airplane  at  point  E  will  not,  in  general,  coincide 
with  the  height  of  a  meteorological  data  measurement.  The  array  of  meteorolo¬ 
gical  data  heights  Is  again  searched  during  a  calculation  to  Identify  those 
heights  (or  lndext.’s)  which  are  one  and  two  less  than  the  height  of  the  airplane 
.'It  point  I'',  ( Indexi's  KA  and  KAl  In  Fig.  28). 

Index  KAl  Is  used  to  terminate  the  calculations  of  15(K)  using  the  standard 
formula  in  Eq.  (hO) ,  that  Is,  distance  Interval  n(KAl)  Is  the  next  to  last  in¬ 
terval  hi'tween  the  microphone  and  the  source. 

The  length  of  the  last  pathlength  segment  is  found  from 

1)(KA)  =  {Alts  -  ItlN(KA)  -  ZMlt/sln(ifi  -  y)  .  ((,■>) 
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Kquations  (60),  (61),  and  (62)  are  applied  sequentially  to  pcnernte  tlie 
array  of  pathlength  segment  distances  over  the  total  propagation  distance  for 
some  specified  relative  tost  time. 

Data  Analysis  and  Adjustment  Procedures 

The  previous  parts  of  this  Section  have  attempted  to  establi.sh  an 
understanding  about  the  general  requirements  of  FAR  36  relative  (a)  to 
measurement  of  aircraft  noise  levels  during  a  noise  certification  demonstra¬ 
tion  test  and  (b)  to  adjustment  of  the  measured  test-time  KPNL  to  an  equivalent 
Fl’Nl.  under  reference  meteorological  conditions. 

We  have  also  described  tlie  cliaracter ist  1  cs  of  tlie  flyover  noise  data  that 
were  available  for  analysis.  These  characteristics  included:  (1)  the  500-ms 
averaging  time  for  each  set  of  l/'J-octavc  band  sound  pressure  level.s,  (2)  the 
system  used  for  synchronizing  in  time  tl>c  recorded  aircraft  noise  signal  and 
tlie  position  (at  overhead)  of  the  aircraft  on  its  flight  path,  (3)  the  pro¬ 
cedure  used  to  account  for  contamination  of  the  signal  by  high-level  background 
noise,  (q)  the  geometrical  relations  available  for  use  in  establishing  (a)  the 
angle  of  sound  emission  between  the  flight  path  and  the  ray  to  the  microphone 
and  (h)  lengths  along  the.  sound  propagation  path  corresponding  to  the  heights 
wtiere  meteorological  data  were  measured,  and  (c),  for  the  nine  selected  test 
cases,  the  nature  of  the  flight  paths  that  were  flown  and  the  accompanying 
meteorological  conditions  aloft. 

iiie  computer  program  that  was  developed  to  analyze  tlie  flyover  noise  data 
from  the  nine  test  cases  and  to  calculate  atmospheric  absorption  adjustment 
factor. s  was  given  tlie  name  TESTRKF  for  the  study  of  test-to-ref erence  adjust¬ 
ment  procedures.  Volume  if  contains  all  the  statements  for  the  program. 

For  each  test  case,  the  measured  1/3-octave-band  sound  pressure  levels 
(corrected  for  background  noise)  and  the  associated  test-time  meteorological 
data,  time-synchronization  data,  flight  path  data,  and  identification  data 
were  all  stored  in  an  input  data  file. 

An  analysis  begins  by  reading  from  the  input  data  file.  After  reading 
identification  and  flight-path  data,  the  program  reads  sound  pressure  level 


data  denoted  by  the  array  SPL(I,J).  Tlie  Index,  or  subscript,  T  indicates  the 
time  variable  (at  0. 5-s  intervals)  and  the  index  J  indicates  the  frequency- 
band-number  variable.  The  J  index  ranges  from  1  to  24  for  center  frequencies 
from  50  to  10,000  Hz. 

For  each  0.5-a  set  of  1/3-octave-band  levels,  the  program  calculates  the 
corresponding  perceived  noise  level,  PN!,(I),  using  subroutine  CPNL,  tone- 
corrected  perceived  noise  level,  PNLT(I),  using  subroutine  P3f)TC,  and  A- 
f requency-weighted  sound  level,  AL(T),  using  frequency  welgliting  factors  for 
1/3-octave,  bands  from  American  National  Standard  SI. 4-1971  for  Precision  Sound 
Level  Meters. 

The  sets  of  PNL(I),  PNLT(t),  and  AL(T)  data  are  then  searched  to  find  the 
maximum  value  In  each  set  [i.e.,  PNLM,  PNLTM,  and  ALM,  respectively]  and  the 
relative  time  of  Its  occurrence.  The  sets  of  1/3-octave-band  sound  pressure 
levels  that  are  associated  with  the  times  of  PNLTM  and  ALM  are  identified. 

The  sound  pressure  levels  arc  identified  by  codes  for  the  two  particular  times 
as  SPi.dPTM,  J)  and  SPL(IAM,  J)  and,  for  convenience,  are  given  the  special 
names  SPLPTM(J)  and  SPLAM(.I)  for  the  sets  of  band  levels  at  the.  relative 
test-time  indexes  TPTM  and  lAM. 

Adjustment  factors  for  atmospheric  absorption  losses  are  calculated  for 
the  sound  emission  angles  and  propagation  ('nthlengths  applicable  to  the  rela¬ 
tive  test-time  Indexes  IPTM  and  1AM.  The  adjustment  factors  are  applied  to  the 
test-time  measured  sound  pressure  levels  SPLPTM(J)  and  FPLAM(J)  to  yield 
corresponding  values  for  reference-day  band  levels,  The  program  also  reads  the 
input  file  to  obtain  the  measured  values  of  air  temperature  and  relative 
humidity  at  each  height  and  the  air  pressure  at  the  lO-m  height. 

The  next  step  Is  to  caliulate  the  effective  perceived  noise  level  and  the 
sound  exposure  level  for  the  PNLT(T)  and  AL(l)  data,  respectively,  using  Eqs. 
(50)  and  (51).  Program  subroutine  INTEG  is  used  to  integrate  the  data  given 
the  10-dB-down  values,  in  decibels,  of  PNLTM  -  10.0  and  ALM  -  10.0.  The  dura¬ 
tion  factors,  DCF  and  DSEL,  for  the  test-time  values  of  EPNL  and  SEL  are  found 
by  application  of  Kqs.  (48)  and  (49). 
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Reference  meteorological  conditions  are  defined  for  air  temperature, 
relative  humidity,  and  air  pressure. 

If  test-time  meteorological  data  were  not  measiii’etl  at  a  lielglit  of  10  m, 
then  data  at  10  m  are  estimated  by  interpolating  between  data  measured  at 
heights  which  are  less  than  and  greater  tlmn  10  m.  The  second  height  is 
assumed  to  be  always  greater  than  10  m.  The  first  height  where  data  were 
measured  is  assumed  to  be  ^  10  m. 

The  average  temperature  and  average  relative  humidity  over  each  layer  of 
the  atmosphere  are  then  calculated  from  the  measured  data  interpolated  to  the 
time  of  the  test  and  read  from  the  input  data  file.  The  air  pressure  measured 
at  the  height  of  10  m  is  assumed  to  apply  to  all  heights  up  to  the  height  of 
the  airplane. 

The  final  step  before  calculating  tlie  atmospheric-absorption  adjustment 
factors  Is  to  determine,  at  tlie  relative  times  corresponding  to  I’ND.TM  and 
ALM,  tlie  total  length  of  the  sound  propagation  path  and  the  lengths  of  the 
segments  corresponding  to  the  heights  where  the  meteorological  data  were 
measured.  The  relative  test  times  at  time  indexes  IPTM  and  JAM  are  found  using 
Kq.  ('32).  Given  the  flight  path  angle,  the  airplane  height  at  overhead,  the 
airspeed,  the  airplane  Mach  number,  and  the  microphone  height  from  the  input 
data  file,  the  program  determines  the  propagation  path  distances  using  Eqs, 
(5h),  (60)  I  (61 )*  and  (62).  Airplane  height  at  the  time  of  sound  emission 
is  found  using  Eq.  (59). 

Eour  alternative  procedures  for  calculating  1/3-octave-band  atmospheric- 
absorption  adjustment  factors  were  Included  in  the  study.  They  were 

(1)  absorption  coefficients  and  band  attenuation  by  SAE  ARP866A 
and  meteorological  data  measured  only  at  10  m; 

(2)  Absorption  coefficients  and  band  attenuation  by  SAE  ARP866A 
and  a  layered-atmosphere  analysis  using  meteorological  data 
measured  at  various  heights; 
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(3)  absorption  coefficients  by  ANSI  Si. 26-1978,  a  band-integration 

method  to  calculate  attenuation,  and  a  layered-atmosphere  analysis 
using  meteorological  data  aloft;  and 

(A)  absorption  coefficients  by  ANSI  SI. 26-1978,  attenuation  calculated 
at  the  band  center  frequence "'s  only,  and  a  layered-atmosphere 
analysis  using  meterologlcal  data  aloft. 


For  each  procedure,  the  set  of  calculated  reference-day  band  levels  is 

used  to  determine  values  for  PNL'  PNI.T'  ,,  and  AL'  ..  The  reference-day 

ref  ref  ref 

effective  perceived  noise  level  and  sound  exposure  level  are  then  found  by 
applying  liq.  (A6) ,  namely  from 


EPNL  r 
ref 


PNLT'  , 
ref 


+  DCF 


test 


(63) 


and 


SEL 


ref 


AL'  , 
ref 


+  nSEL 


test 


(6A) 


using  the  previously  calculated  values  for  DCF^  ^  and  DSEl. 

tPBt  test 

J’rocedures  (1)  and  (2)  are  the  10-m  and  layered-atmosphere  procedures  of 
FAK  36.  I’roeedure  (4)  is  similar  to  procedure  (2)  except  that  absorption 
is  calculated  by  the  method  of  ANSI  SI. 26. -1978  instead  of  SAE  ARP866A  and 
center  frequencies  are  used  for  all  frequency  bands  instead  of  just  to  4000  Hz 
with  lower  bandedge  frequencies  for  the  5000  to  10,000-Hz  bands.  Procedure  (3) 
uses  the  method  of  ANSI  SI. 26-1978  to  calculate  absorption  but  evaluates  the 
adjustment  factor  by  integrating  over  the  bandwidth  of  a  filter. 

The  metliods  used  for  procedures  (1),  (2),  and  (4)  are  relatively  straight¬ 
forward.  The  method  used  for  procedure  (3)  is  more  complex  because  of  the  re¬ 
quirement  to  evaluate  an  Integral. 

For  procedure  (1),  the  reference-day  band  level  for  any  band  is  found  from 
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SPL  .  /is  =  SPI.  ,  +  (a^  ^  “  .)(PD)  (65) 

ref,(l)  test  test,  10m  ref  '  ' 

using  the  calculated  value  of  total  propagation  distance  PD  in  meters  for 
absorption  coefficients  a  in  declbelfi/meter . 

The  absorption  coefficients  ^  and  a  ^  are  determined  using  a 

test,  10m  ref  ^ 

computer-program  subroutine  called  ARP866A.  To  find  sub¬ 

routine  is  supplied  with  the  air  temperature  and  relative  humidity  at  the  10-m 
height  for  test-time  conditions.  The  25°  C  and  70-percent  relative  humidity 

conditions  are  supplied  to  calculate  <x 

' '  ref 

For  procedure  (2),  the  reference-day  band  levels  are  found  using 


SI’I,  ,  =  SPL,.  „  +  (ct,  _  -  a  p)(PD)  (66) 

ref, (2)  test  test  ref 

where  '•''t:  average  absorption  coefficient  under  test-time  conditions 

over  the  sound  propagation  path. 


The  average  absorption  coefficient  is  determined  from 


.  =  atten/PD 
test 


where  atten  is  the  total  attenuation  in  decibels  over  the  path.  The  total 
attenuation  is  found  from 


atten 


■Z 


,(K)][D(K) 


where  represents  the  average  atmospheric  absorption  coefficient  by 

SAE  ARP866A  for  the  K-th  segment  of  the  sound  propagation  path.  The  index  KL 
represents  toe  last  segment  of  the  path  from  the  microphone  to  the  airplane. 
For  each  of  the  K-tii  segments,  the  average  temperature  and  relative  humidity 
for  the  layer  is  used  with  subroutine  ARP866A  to  determine  the  value  of 
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The  structure  of  Fq.  (66)  was  chosen  to  be  parallel  to  the  wording  of 
FAR  36.  Kquations  (66),  (67),  and  (68)  could  have  been  coF.bined  as 


SPL 


ref, (2) 


=  SPL 


test 


KL 

E 

K-l 


ar^,p][I)(K)] 


(69) 


.since  is  a  constant  and  E^UK)  =  PI).  Ttie  method  implied  by  Kq.  (69)  is 

superior  to  that  of  Fqs.  (66),  (67),  and  (68)  from  a  computational  point  of 
view  because  the  adjustment  terms  in  the  summation  are  all  relatively  small 
numbers  and  hence  tlie.  overall  accuracy  should  be  better. 

For  procedure  (-'>),  the  formalism  of  Eq.  (69)  is  used  to  calculate,  the 
reference-day  band  levels,  namely 


SPL  =  SPL^  ^ 

ref,  (4)  test 


KL 

K=1 


[a„  JK)  -  a  J[1)(K)] 
test  ref 


(70) 


wliere  now  the  atmospheric  ainsorption  coefficients  are  determined  by  program 
subroutine  ANSAB  for  American  National  Standard  ABsorption  for  the  test  and 
referenco  meteorological  conditions. 

The  band-integration  method  for  procedure  (3)  is  described  in  the  next 
Section. 


Description  of  Band-Integration  Procedure 

For  procedure  (3),  the  expression  for  calculating  the  reference-day  sound 
pressure  levels  is  given  by 


SPL  ^  =  SPL  4-  BA.,., 

ref, (3)  test  (3) 


(71) 
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The  basis  for  the  method  of  calculatinR  the  band-adjustment  factor  was 
derived  using  an  analysis  similar  to  that  in  Section  2.  The  1/3-octave-band 
filters  were  assumed  to  have  ideal  f ilter-transml ssion-response  characteristics 
because  Indicated  or  measured  band  levels  that  were  not  the  same  as  those  which 
would  be  Indicated  by  filters  having  ideal  response  characteristics  were  con¬ 
sidered  to  liavc,  effectively,  a  measuren-ent  system  error.  Tlie  "correct"  band 
levels  were  considered  to  he  those  wlilch  would  have  hi'en  indicated  Ijy  filters 
having  ideal  response  characti!r  1  st  Ics. 


In  in.iking  the  assumption  alxniL  idt.'al  I  liters.  It  was  n-cogn  1  zed ,  as  a 
result  of  t!u'  analysis  presented  in  Section  3,  tliat  some  of  tlie  measured  fly¬ 
over  noise  data  may  have  contained  high-frequency  band  levels  which  were 
Influenced  by  energy  transmitted  through  the  filter's  lower  stopband.  Never- 
thelcss,  because  tliere  was  no  way  to  confirm  the.  suspicion  of  real-filter 
effects  for  the  data  that  were  available,  and  because  development  of  a  pro¬ 
cedure  to  use  the  response  characterlstic.s  of  real  filters  with  actual  aircraft 
noise  spectra  was  not  within  the  scope  of  the  present  program,  the  band-integra¬ 
tion  methed  of  procedure  (3)  was  based  on  the  as.sumptlon  of  Ideal  filter-response 
character  1st Ics , 


Tlic  assumption  of  ideal  characteristics  for  the  1/3-octave-hand  filters  was 
considered  to  have  negligible  effect  on  the  validity  of  the  relative  evaluation 
of  tlie  four  alternative  atmospher Ic-ali.sorptlon  adjustment  procedures,  especially 
for  evaluations  in  terms  of  time-integrated  measures  such  as  EPNL  or  SEL.  Eval¬ 
uation  in  terms  of  relative  differences  in  band  sound  pressure  levels,  especially 
the  lilgh-f retiuency  bands,  was  considered  likely  to  be  influenced  more  than  eval- 
u.ations  in  terms  of  time-integrated  measures  by  the  assumption  of  ideal  filter 
transmission  response.  However,  for  the  data  available  to  the  study,  the  number 
of  1/3  -octave-band  sound  pressure  level  evaluations  that  could  be  made  was 
limited  bec.-iuse  of  contamination  by  iiigii-Jevel  backgiound  noise  in  the  high- 
frequency  hands. 


The  band-adjustment  factor  for  procedure  (3)  was  derived  as  follows  using 


notation  introduced  in  Sections  2  and  3. 


The  sound  prosaure  level  In  any  band  that  would  have  been  measured  at  the 

receiver  location  under  reference  moteorolop, leal  conditions  (i.e.,  the  hand 

level  LR  can  he  obtained  from  the  level  measured  at  the  receiver  location 
ref 

under  the  actual,  or  test,  meteoroloplcal  conditions,  LR  _  ,  by  applying  an 

L  C*  b  tl 

adjustment  factor  as 


LR  =  LIT  ^  +  (LR  ^  -  LR  ) 
ref  test  ref  test 


wliere  the  liaiul-level  difl'erence  (LR  -  I.R  )  Is  the  adjustment  factor 

ref  test  (3) 

1  n  .  ( / 1 ) . 


The  band-adjustment  factor  in  F,q .  (72)  can  be  written  In  terms  of  the  ratio 
of  tl\e  mean  squared  sound  pressures  as 


LR.  J  ■=  10 
test 


'’R,refy^’’R,test 


which  can  also  he  expressed  in  terms  of  the  ratio  of  the  Fourier  transforms  of 

the  power  spectrum,  C„,  of  the  sound  pressure  at  tlie  receiver  location  as 

K 


II  the  filters  fiuve  ideal  response  characteristics  so  that  the  range  of  integra¬ 
tion  only  needs  to  cover  tlu.*  f  liter's  passband. 


To  evaluate  the  Integrals  In  Lq .  (74)  requires  an  expression  for 
in  terms  of  measured  or  known  quantities.  By  analogy  to  the  development  of 
li'.qs.  (17)  and  (2(i)  ,  the  required  expression  Is  obtained  by  writing  the  spectrum 
at  the  receiver  in  terms  of  tlie  spectrum  at  the  source  and  an  atmospheric-absorp¬ 
tion  function. 


IS,  symbolically,  the  sound  pressio'e  spectrum  at  the  receiver  under  the 


two  meteorological  conditions  can  be  written  as 
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c 


U, tOHt 


and 


R.ref 


(7(1) 


where  AF  is  the  absorption  function  over  the  'jound  propagation  path  from  the 
source  to  the  receiver  under  the  noted  atmospheric  conditions. 


If  the  sound  emission  angle  is  constant,  then  the  source  pressure  spectrum, 
(!  ,  in  Kq.  (75)  Is  equal  to  the  source  pressure  sju'ctrum  in  Kq.  (76).  (The 
sound  propagation  pathiengths  arul  the  source  strengths  are  assumed  to  lie  iden¬ 
tical  under  tlu’  two  meteorolog, leal  conditions.) 

from  Mq.  (75),  tlie  source  pressure  spectrum  Is 


u  R,te.it  test 


<5.,  t«st> 


(77) 


where  tlie  notation  AF  indicates  the  absorption  factor  along  the  path  from  the 
receiver  to  the  sourci;,  see  Hq.  (26). 

With  ICc].  (77),  the  sound  pressure  spectrum,  (!|^  ,ef’ 
written  as 


^'R,ref  "  ^‘'R,Lest^  ^'^'‘test^  ^'^‘‘ref  ^ ' 


(78) 


Substitution  of  liq,  (7H)  Into  Kq.  (74)  yields 


(l,R  -  l.R^  J  =  HA... 
rel  te.it  (  I) 


10  log 


/. 


R.test  test  ref 


1. 


II 


,  ^'R,test‘*^ 

I. 


(79; 
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Referring  back  to  Section  2,  the  form  of  I'.q.  (79)  la  seen  to  be  similar 
to  that  of  Eq.  (28)  with  tl»o  Inclusion  of  the  kV  tern,  as  n  factor  in  the 
integral  In  the  numerator. 


Ik'causc  the  sound  patli  is  to  tte  divided  into  segments  according  to  the 
layers  of  the  atmosphere,  the  absorption  function  at  any  frequency  has  the 
form  of  Eq.  (20)  namely 


?  ^k,test  ^k,tesc/'° 
10*^ 


(80) 


and 


^  ^k.ref  ^’k.ref/"' 
10*^ 


(81) 


wliere  Is  the  atmospl\er  Ic,  sound  alisorpt  Ion  coefficient  applicable  to  the  k-th 
segment  ol  the  propagation  path  uiuU'r  test  or  reference  meteorological  conditions 
and  1.S  the  lengtli  of  the  k-th  segment.  Me tenro logics'll  parnmeter,s  applicable 
to  a  patli  segment  are  assumed  ti  be  the  average  temperature,  humidity,  and  pres¬ 
sure  at  llie  middle  of  each  layer  of  tlie  atmosphere. 


If  the  sound  isuli  is  divided  into  tlie  same  segments  under  tlio  two  atmospheric 
conditions  (as  it  usually  would  he),  then  •■eHt  "  ^’k  ref  "  ^’k  product  of 
the  absorption  functions  in  Eqs.  (BO)  and  (81)  can  be  written  ns 


(Af\  ,)(AF~  J  -  10 
test  ref 


I  (\,teBt 


^k,ref^  ’k' 


and  Eq.  (79)  for  the  hand-adjustment  factor  becomes 


1  in 


(83) 


HquaLlon  (8'3)  deflnoa  the  band- Integration  method  carried  out  by  subroutine 
NUMINT  for  {calculation  ol'  adjuatment  I'artors  by  iirocodure  (!)).  K.valuat  Ion  of  the 
Integrals  Is  relatlvi'Jy  straightforward  If  an  'xpresslon  can  he  supplied  for  the 
power  spectrum  of  the  sound  pressure  at  the  mIcrepho'’e,  test*  ^l-ven  the  mea¬ 
sured  1/3-octave-band  sound  prersure  levels.  Subroutine  ANSAB  is  used  to  cal¬ 
culate  the  values  of  a.  and  u,  ^  by  the  method  ot  ANSI  SI. 26-19/C. 

The  technique  selected  to  approximate  the  power  spectrum  of  the  sound 
pressure  was  the  same  two-straight-1 Ine  or  two-s!.cpe  technique  used  to  evaluate 
the  integrals  in  Eq.  (28),  see  Figs.  8  and  9.  Any  luuthod  of  approximating  the 
actual  shape  of  the  power  spectrum  of  the  sound  pre;-sure  at  the  microphone, 
test^^^’  frequency  range  of  the  pas.sban  .  of  a  filter  that  was  more 

sopliisticatod  than  the  two-stralght-llne  or  two-slope  method  was  not  felt  to  be 
appropriate.  (Sutherland  and  Hass’  discuss  the  use  of  a  spline  function  as  a 
j'.eiu'ral  Interpolation  metliod  between  two  liand-level  data  points  but  recommend 
a  .log-J  Incur  e(|u/itLon  to  Interpolate  a  spectral  shapi’  based  on  band  levels  for 
tlie  bands  below,  at,  tmd  above  the  hand  of  Interest.)  The  two-straight-line 
method  was  considered  to  he  the  host  choice  hecause  the  data  were  available 
only  In  1/3-octave-wldo  frequency  bands,  because  the  possible  contribution  of 
energy  transmitted  through  the  lower  or  Ui ,er  stopbands  was  neglected  as  a 
result  of  making  the  assumption  that  the  filters  had  Ideal  response  character¬ 
istics,  and  because  of  the  necessity  to  work  with  practical  spectra  from  which 
hand  levels  were  missing  because  of  background  noise  contamination. 

Montegani"*  has  developed  an  ullcrnutive  method  for  mimcrically  evaluating 
tile  Integrals  [such  as  those  in  F,q .  (83))  which  express  atmospheric  absorption 
loss  over  the  frequency  range  of  an  ideal  bandpass  filter.  As  for  the  present 
analysis,  Monteguni  uses  band-level  differences,  or  a  two-slope  technique,  to 
approximate  the  power  spectrum  of  the  sound  pressure  at  the  receiver,  G  ,  but 
lie  defines  frequency  steps  across  the  range  of  integration  on  a  logarithmic 
rather  than  a  linear  scale  as  done  here  for  use  with  the  numerical  integration 
routine  available  in  subroutine  QSF.  For  the  1-th  frequency  band,  Montegani 
recommendH  dividing  the  Interval  from  fj  to  f^^  Into  .)  steps  according  to 

(f  /f  )  -  ^Q(3/10b)lj/(2m  +  1)1 

j  C  i 
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wlun't.’  b  Jv’iK'tori  tlic  type'  of  f met lonni-octavt'- band  filler  (li  =  3  for  1/3-octnvc 
band  filters')  and  m  is  an  liUej'i'r  whosi'  vahio  Is  specified  by  the  user.  I’or  all 
bands,  MonU')',ani  iH'cnmmeiuls  in  "  'l.to  )',lve  seven  f ref|iienc  1  es  efiu.ally  sp.aceil 
llrnm  j  ■  -m  to  )  •  in  |  between  and  I  ^  on  a  lop.arl  thmle  scale. 

I'or  lunn-d  islance  inensnri’inenls  of  soiiinl,  tlie  hlp,li-f  reqnency  [lorLlon  of  the 
speelruni  can  decrease  very  rapidly  with  fre(|uency,  e.)’,.,  si’e  I'lp,.  h,  Deti'rmination 
of  atinosiiher  i  c  absorption  losses  for  such  (!aHes  may  n'f|iilre  calculation  at  more 
than  three  f retinenc. les  In  each  half  of  a  frequency  band  to  maintain  accuracy. 
However,  for  those  cases,  the  indicated  band  sound  pressure  level  is  most  likely 
to  be  contaminated  by  enerp.y  transmitted  throuj.',h  the  lower  stopband  and  the 
approximation  of  the  power  spectrum  by  the  two-slope  method  will  also  be  less 
accurate.  Montenanl's  computer  program  in  Ref.  31  could  be  modified  to  use  m  *  3 
lor  some  range  of  low-  and  mid-frequency  bands  and  I ntireas  1  ng.ly  larger  m  values  for 
the  hlgluT-f requeiicy  hands.  A  more-fundamental  need,  however,  Is  for  a  method 
which,  In  a  computationally  efficient  manner.  Is  ,'ihle  to  I'stlmaic  the  contrlhutlon 
to  tlio  Indicated  hand  sound  pressure  level  caused  by  real-filter  effects  and  then 
to  c.alculate  the  atmospheric  absorption  loss  over  tlie  frt'f|neni:y  range  of  significant 
response  l\)r  pr/ictical  f met lonal-octave-baiul  filters. 

Sul.iiorland ,  In  Ref.  22,  has  refined  the  iteration  method  described  in  Ref.  7 
and  has  proposed  an  analytical  procedure  to  estimate  what  the  band  sound  pressure 
levels  would  iiave  lieen  if  the  filters  had  ideal  rather  than  practical  transmission- 
response  charac  1 1'  r  Is  t  i  cs . 

'I'lie  mctliud  used  here  lur  calculating  hand  absorption  loss  made  use  of  the 
same  approach  as  that  used  to  derive  F.q.  (29).  The  frequency  range  over  the 
passhand  of  a  filter  was  split  into  two  parts  from  fj  to  the  hand  center  fre¬ 
quency,  f  ,  and  from  f  to  f,,.  The  two  terms  lo  the  numerator  of  Eq .  (83) 

Iwlilch  are  Ulentical  to  tliosc  In  E(|.  (29)  except  that  they  include  the  absorption 
function  as  sliown  In  Kc|.  (H3)  Instead  of  .lust  Af"*^  aa  in  Eq .  (29)]  are  evaluated 
luimer tea lly  using,  hand-level  differences  (or  slopes)  defined  by  Eqs.  (30)  and 
(31).  The  two  denominator  terms  .are  ev.aluati'd  using  Eqs.  (32)  or  (33)  as 
appropriate  for  tlie  value  of  the  slope  of  tlie  .applicable  stmlght-llne  approxima¬ 
tion  to  C  . 

K  ,  t(!S  I 

Subroutliu’  NHMINi'  carries  out  the  calculation  of  the  adlustment  factor 
according  to  tlie  ahove-descr lin’d  process  for  evaluating  the  integrals  In  Eq.  (83). 
The  Hubroutiiu’  reiiuJri's  s|)ec  I  f  Ic.at  Ion  of  (1)  the  test-time  sound  pressure 
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Ic'VuIk  tii.it  arc  to  be  adjusted  to  reference  coiul  1 1  Ions ,  (2)  the  refer¬ 
ence  ulr  temperature,  (’))  the  reference  relative  luimldlty,  (4)  the  reference 
air  pressure,  (rO  the  array  of  avt'rap,e  ti’sL-tline  air  temperatures  over  eaeli 
layer  ot  the  atmospheri'  starting  at  the  help.lit  of  the  in  li‘ roplunu’ ,  ((0  t  lu' 
correspond  Inn  array  of  averane  ti'St-time  relative  liiim  1  il  1 1  1  es  over  I’acli  atmos¬ 
pheric  layer,  (7)  tlie  test-time  air  pressure,  (8)  the  array  of  patlilen^th 
sepments  between  the  microphone  and  the  aircraft  at  tlie  time  associated  with 
the  sound  pressure  levels,  and  (9)  the  value  of  the  final  Index  along  the 
path  from  the  microphone  to  the  aircraft  for  the  arrays  of  air  temperature, 
relative  luimidlty,  and  pathlength  segments. 

I’he  total  number  of  fretiuenoy  Intervals  (or  number  of  frequency  steps) 
over  tlie  jiassband  of  a  filter  that  wore  used  to  evaluate  the  numerator  terms 
for  Mq.  (83)  were  the  same  as  used  with  suliroiit  liu'  (JSI’  In  Section  2  lor  the 
eleven  blinds  with  center  freiiuencles  from  1000  to  10,000  llx.  Thus,  for  exanqile 
tlie  hand  at  10,000  llz  was  divided  Into  30  equally-spaced  steps,  IS  from  fj  to 
r  and  I ')  from  f  to  f,,.  Tlie  13  hands  from  SO  to  800  llx  were  encli  divided 
Into  8  stc'|)s,  4  irom  fj^  to  f^,  and  4  from  f^  to  f^^.  I'cnir  steps  Is  the  minimum 
numlier  recommended  for  use  wltli  the  QSF  Integration  routine. 

(liven  tlie  test-time  sound  pressure  levels,  meteorological  and  pathlength 
data,  and  tiu'  numhur  of  frequency  intervals  to  use  for  the  numerical  Integra¬ 
tions,  the  process  of  caJculatlng  the  hand-adjustment  factor  is  straiglitforward 
with  one  i-xceptlon.  The  exception  Is  the  cnJculatlon  of  tlie  slopes  of  the 
Htra  lglit-1  ine  apiiroximat  Ions  to  (:|^  over  tlie  frequency  range  of  each 

filter. 

(lull’ll  l.at  ion  of  hand-level  differences  or  slopes  was  not  as  straightforward 
as  In  Section  2  because  of  the  need  to  be  able  to  handle  spectra  from  which 
band  levels  were  missing  because  of  background  noise,  contamination.  The 
various  possibilities  for  spectra  having  missing  band  levels  are  shown  in 
Fig.  29.  Subroutine  IHFFS,  which  is  called  by  subroutine  NUMTNT,  was  pre¬ 
pared  to  handle  all  the  poss  Ihi 1  It ies  and  to  calculate  appropriate  band  slopes 
for  any  test-time  spectrum. 

Figure  29(a)  illustrates  tlie  case  when  a  complete  siiectrum  with  no  missing 
band  levels  Is  available.  Slopes  (or  band-level  differences)  are  computed  for 
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band  NUMBER 


SLOPE  (1,2)  L  )  1) 

SLOPE  (1,1)  Sl"OPE(),2) 

•  «  • 

SLOPE  (J,n  -  SLOPE  (J  1,2) 
SLOPE  (J,2)  '  Lj+,  -  Lj 

•  •  • 

SLOPE  (23,2)  -  L24  -  L23 
SLOPE  (24,1)  -  SLOPE  (23,2) 
SLOPE  (24,2)  -  SLOPE  (24,1) 


(t)  CASE  1;  DATA  AVAILABLE  FOR  ALL  BANDS. 


(b)  CASE  2:  NO  DATA  FOR  BAND  NUMBER  2; 
ISOLATED  BAND  AT  BAND  NUMBER  1. 


mmrn 

mm 

••• 

l-D 

u  . 

21  22  23  24 

band  NUMBER 

(cl  CASE  3:  NO  DATA  FOR  BAND  NUMBER  23; 
ISOLATED  BAND  AT  BAND  NUMBER  24, 


SLOPE  (1,1)  -  SLOPE  (1,2)  -  SS  (1) 
SLOPE  (2,1) -SLOPE  (2,2) -1.0 
SLOPE  (3,2)  “  L4  -  L3 
SLOPE  (3,1)  -  SLOPE  (3,2) 

AND  SO  ON  TO  BAND  24 


•  ••  PROM  BAND  1 
SLOPE  (21,2)  -  L22  -  1-21 
SLOPE  (22,1)  -  SLOPE  (21,2) 

SLOPE  (22,2)  -  SLOPE  (22,1) 

SLOPE  (23,1)  ■  SLOPE  (23,2)  -  1.0 
SLOPE  (24.11  -  SLOPE  (24,2)  -  SS  (24) 


(dl  CASE  4!  DATA  FOR  BAND  AT  J,  BUT  NO  DATA 
FOR  BANDS  AT  J-1  OR  J+1;  ISOLATED  BAND 
AT  BAND  NUMBER  J. 


•  ••'  FROM  BAND  1 
SLOPE  (J-2,1)  -  SLOPE  (J-3,2) 
SLOPE  (J-2,2)  -  SLOPE  (J-2,1) 
SLOPE  (J-1, 2)  “  SLOPE  (J-1, 2)  -  1.0 
SLOPE  (J,1)- SLOPE  (J,2)-SS(J) 
SLOPE  (J+1,1)  -  SLOPE  (J+1,2)  -  1.0 
SLOPE  (J+2,2)  -  Lj+3  -  Lj+2 
SLOPE  (J+2,1)  -  SLOPE  (J+2,2) 

AND  SO  ON  TO  BAND  24 


Figure  29.  llluitration  of  rule*  for  calculating  band-level  differencei. 


IV* 


tiu'  lower  linlf  and  the  upper  Imlf  of  each  hand,  see  Kij;.  9.  For  a  band  at 
tre(|ui'ney- Index  >1,  the  sLopi'S  ov«*r  the  lower  and  iipiier  halves  of  the  passhand 
are  dt'uoli'd  hv  Liu*  I wo-d  linens ioiui.l  arrays  ,!l,(tl'l'!(.l ,  1 )  and  SI.OIM'K.I  ,il)  ,  respi'ct  - 
I  Vf.'l  y . 


I''lp,ure  29(n)  also  indicates  the  rules  used  for  eomputlnH  the  slopes  for 
any  of  the  2A  bands.  Note  that  a  special  rule  was  reriulrod  for  the  lower 
half  of  band  1  and  the  upper  half  of  band  24.  The  slope  over  the  lower  half 
of  band  1  fSLOPE( 1,1)1  was  assumed  to  equal  that  over  the  upper  half  of  band 
1  (l.e.,  SbOPE(l,l)  =  SL0PR(1,2)  -  ~  The  slope  over  the  upper  half 

of  band  24  was  assumed  to  equal  the  slope  over  the  lower  half  of  band  24,  l.e., 
Sl,OPE(24,2)  =>  Sl.OPE(24,i)  =■  h?i,  -  b?3.  Montegani^  *  made  the  same  assumptions 
for  his  computer  proRram. 

IMRures  29(1))  to  29(d)  illustrali’  the  three  special  c.asi’s  that  lU'i'di'd  to 
he  considered  as  a  result  of  band  levels  mlsslnR  from  a  spectrum  hi'cause  of 
hackRround  noise  contamination.  The  tliree  special  cases  Involve  the  (|uestlon 
of  how  to  specify  a  set  of  slopes  for  a  band  that  Is  Isolated  In  tlie  sense 
of  not  havliiR  valid  sound  pressure  levels  In  the  bands  above  and  below.  The 
three  cases  also  Involve  the  question  of  what  to  specify  for  slopes  for  the 
band  for  whlclt  tlie  sound  pressure  level  is  mlsslnR  because  of  contamination. 


The  general  rules  ndopteil  for  the  isolated-band  itnd  missinR-band  problems 
were  (1)  that  tlie  slopes  to  use  for  Isolated  bands  were  the  substitute  slopes 
shown  In  Fig.  30,  and  (2)  that  a  slope  of  +1.0  dB/band  sliould  be  used  for 
bands  having  no  valid  sound  pressure  levels. 

The  band-level  slope  of  +1.0  dB/band  was  chosen  ns  a  convenient,  though 
arbitrary,  value  to  use  with  tlie  numerical  integrations  performed  by  sub¬ 
routine  NUMINT.  A  slope  of  +1.0  dB/band  represents  a  whlte-nolsc  spectrum 
with  equal  energy  per  unit  frequency.  By  Eq.  (30),  the  power  spectrum  of  a 
whlte-nolse  signal  Is  a  constant  (l.e.,  v}'  ■  “0). 


When  the  band-level  slopes  are  +1.0  dB/band,  the  band-ad.justment  factor 
from  F.q.  (83)  represents  the  difference  in  the  average  attenuation  resulting 
from  atmospheric  absorjit  Ion  over  the  f  requen.cv  range  of  the  passband  of  the 
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1/3  OCTAVE  BAND  CENTER  FREQUENCV, 


Figure  30. -Substitute  slopes  for  1/3-octave*band  levels  of  broadband  aircraft 
noise  in  the  free  field.  (Substitute  slope  tor  band  ^  estimated  from 
slope  derived  for  band  2.) 


i 

i 


Ideal  filter  and  over  the  lenf»th  of  the  sound  propagation  path.  For  a  white- 
noise  spectrum,  Kq.  (F3)  reduces  to 


=«  10  log 


^l)  /j^jjli^^k.test  *k,ref^^k 


''")dr  /(r„  -  f,  )| 


(85) 


where  the  denominator  ~  )  represents  the  bandwidth  of  the  ideal  filter. 


Although  subroutine  DTFFS  does  supply  subroutine  NUMTNT  with  slope  values 
for  tlie  lower  and  up|)er  halves  of  nil  2A  hands  Inel lul  lii)’,  lliose  l)niuls  t  hat  have 
no  valid  data  because  of  background  noise  contain  liial  Ion  and  altlioiigli  suliroutine 
NIIMINT  does  calculate  u  liand-udjustment  factor  for  every  hand  from  band  1  to 
band  24  regardless  of  the  value  of  the  test-time  sound  pressure  level,  the 
main  computer  program  is  instructed  to  set  the  reference-day  band  sound  pres¬ 
sure  level  to  0.0  dll  if  the  test-time  band  sound  pressure  level  was  not  valid. 
That  is 


Srh^^^|.(d)  =  0.0,  if  -  0.0  (86) 

for  any  band  and  for  any  band-adjustment  method. 

The  rule  expressed  by  F.q.  (86)  was  ailopted  to  avoid  creating  values  for 
reference-ilay  liand  sound  pressure  levels  when  the  ti'st-l  Ime  sound  pressure 
level  was  missing.  Itecause  of  fhi.  (86),  any  convenient  slope  could  havi!  been 
selected  to  use  for  ShOI’lK.1 , 1)  and  S).01’|'':(.I,2)  when  the  hand  sound  pressure 
level  was  missing.  The  value  of  +1.0  dB/band  was  selected  because  It 
yields  a  measure  of  the  average  adjustment  factor.  The  average  adjustment 
factor  was  considered  to  have  intrinsic  Interest.  All  adjustment  factors 
are  available  internally  within  the  program  and  could  be  listed  in  the  output. 
If  desired,  wltli  minor  changes  to  the  program  statements. 


The  problem  of  specifying  reasonable  values  to  use  for  band-level  slopes 
in  the  case  of  an  Isolated  band  sound  pressure  level  [cases  2,  3,  and  4  in 
Figs.  29(b)  to  29(d))  was  resolved  by  developing  the  sot  of  so-called  sub¬ 
stitute  slopes  shown  In  Fig.  30. 
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slo|H's  ill  I'.L};.  30  rt'prosont  .•ivor;i)',c'  v.i  Iul's  olil.iliu'il  I'rum  I'x.iml u.'il  Inn 
oT  lifuui- level,  ulupes  from  l/3-oc.tave-ban(l  siu'clra  at  various  limes  dnriny;  llie 
record  iriRs  of  OC-9  flyover  noise  levels  from  tlio  five  samples  of  test  data. 

In  the  low-frequency  bands  (center  frequencies  from  63  to  630  Hz),  large  vari¬ 
ations  in  slope  (+8  to  +10  dR/bnnd)  were  observed.  The  large  variations  were 
attributed  to  ground-reflection  effects  in  the  measured  spectra.  An  average 
slope  of  zero  dB/band  was  estimated  to  be  appropria*'e  for  the  broadband 
component  of  the  spectrum  in  .an  acoustic  free  field.  For  the  high-frequency 
bands  (1250  to  5000  Hz),  vnrlations  In  observed  slope  values  were  somewhat 
smaller  than  those  observed  for  the  low- frequency  bands  and  v/ere  attributed 
to  discrete-frequency  components  In  the  .fT8l)  engine  noise  sign.il. 

Tlie  iilgii-l  retpiency  rollolf  of  tlu*  spi'ctrum  impl  ieit  by  tlie  Incre/is  I  ng.l  y 
negtitlve  slopes  for  tlie  bands  above  1600  Hz  in  Fig.  30  was  regarded  as  lieing 
representative  of  tlie  bro.adband  component  of  the  jet-noise  spectrum  for  tlie 
moderately  absorptive  atmosplierlc  conditions  and  moderate  pathlengtlis  appli¬ 
cable  to  tiie  available  aircraft  noise  data. 

Alternat  Ives  to  tlie.  use  of  tlie  substitute  slopes  In  Fig.  30  for  specify¬ 
ing  band-level  slopes  to  use  witli  subroutine  NUMINT  to  calculate  an  absorption 
adjustnient  factor  for  an  "isolated"  band  were  also  considered.  The  alternatives 
were  eltlier  to  specify  some  arbitrary  slope  that  was  the  same  for  all  bands 
tiiat  iiiigbt  have  Isolated  values  of  sound  pri'ssure  level  or  to  calculate  a 
slope  liased  on  tlie  nearest  valid  sound  pressure  levels  in  bands  above  aid  below 
tlie  iiaiul  eoiiLalning  tlie  "isolated"  band  sountl  pressure  level.  Specification 
of  an  arbitrary  slope  (such  as  +1.0  dli/liand)  would  have  been  somewhat  easier 
to  Incorporate  in  the  computer  program  than  the  use  of  substitute  slopes; 
the  substitute  slopes,  however,  were  regarded  as  being  more  realistic  in  the 
high-frequency  bands.  Calculations  of  slopes  by  extrapolating  ov.’r  one,  two, 
or  more  hands  having  missing  sound  pressure  levels  would  liave  been  more  com¬ 
plicated  and  would  not  have  been  any  more  accurate  or  appropriate  than  the 
technique  of  using  a  set  of  substitute  slopes. 

The  slope  over  tlic  upper  half  of  the  band  prior  to  a  band  where  the  data 
were  missing  [e.g.,  tiie  band  at  .1-2  in  Fig.  29(d)]  was  calculated  as  though 
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tlio  band  was  the  last  in  a  complete  .spectrum  ll.e.,  band  24  in  I’l)',.  2d(a)|. 
Similarly,  the  slope  over  the  lower  half  of  tlie  band  above  a  band  where  tlie 
data  were  missing  (e.g.,  the  band  at  -7+2  In  Kig.  29(d)]  was  calculated  as 
though  the  band  was  the  first  one  in  a  complete  spectrum  [i.e.,  band  1  in 
Fig.  29(a)]. 

A.s  a  final  observation  on  tiie  band- Integral  ion  procedure  for  determining 

the  attenuation  caused  by  atmospheric  absorption,  it  is  important  to  note 

that  the  power  spectrum  of  the  aound  pressure  at  the  microphone  (i.e.,  G  ) 

R  ^  tl  0  S  C 

has  always  implicitly  been  assumed  to  be  a  relatively  smooth  and  continuous 
function  of  froc|uency.  This  assumption  was  the  basic  just  1  f  1  cat  Ion  for  the 
reasonalileiU'SM  of  approximating  C  In  l''.(|.  (Hi)  by  line  segments  over 

K  I  L  L 

tlie  lower  aiul  upper  lialvi'S  of  the  t  heori‘1  I  ea  1  passbaud  of  the  1  /  t-oclave-band 
filters.  if  the  spet.'trum  of  the  sound  contains  d  1  sc. rc>te-l' retiuency  components 
.such  tliat  tlie  sound  pressure  level  in  a  band  is  controlled  by  tlie  level  of 
one,  or  a  few,  spectral  components  within  the  pa.ssband  of  the  filter,  then 
the  two-slope,  or  band-level-dlf forence  method  for  approximating  as  a 

function  of  frccmency  will  not  provide  a  reasonable  estimate  of  the  actual 

variation  of  G,,  ^  ^  with  freciuency. 

K,test  ‘ 

If  discrete-frequency  components  are  present  in  the  passband  of  a  filter 
and  If  a  procedure  were  available  to  determine  their  level  and  frequency,  then 
the  Inti'gration  of  Kq.  (HI),  or  the  summation  carried  out  hy  the  numerical 
lute)', rat  Ion  procislure  In  sidirout  liie  NIIMINT,  would  only  iieisl  tu  Include  the 
d  I  sc  rel  e- I  r. '(|uenc  V  comiHinents.  If  there  Is  only  one  d  1  .sc  ret  e- f  reqiieiiey  com¬ 
ponent  within  the  iiassband  and  Its  level  determines  the  Indicated  hand  levi'L, 
then  tlie  integration  would  include  only  one  spectral  component  and,  for  that 
band,  the  calculation  of  the  adjustment  factor  would  be  reduced  to  the  form  of 
Kq.  (70)  for  procedure  (4)  but  evaluated  at  tlie  frequency  of  the  component 
Instead  of  the  band  center  frequency. 

In  order  to  he  able  to  apply  the  integration  method  of  Eq.  (83)  separately 
to  tlie  broadband,  continuous  component  of  a  spectrum  and  to  the  discrete-fre¬ 
quency  components,  some  procedure  must  be  available  to  provide  an  estimate  of 
tlie  level  and  frequency  distribution  of  the  components.  Tlie  procedure  siiould 
have  an  analytical  base  so  that  it  can  be  described  matliemat leal ly  and  Incor- 
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porated  into  routine  data  processing  by  a  digital  computer.  The  procedure 
should  be  capable  of  accounting  for  band-sharing  effects  caused  by  strong 
discrete-frequency  components  or  by  moderate-amplitude  compoiiepcs  wliose  fri*- 
<|ucncy  is  near  tlie  edge  o'"  the  I'assliand  of  a  f  ilter.  The  proi'i’dure  should 
alfio  he  able  to  account  for  tlic  appartMit  cliange  In  rrequcncy  due  to  Doppler 
el^ccL^  as  till*  magnitude  and  sig,n  of  tin-  component  of  tlu-  speisi  of  tlie  .soumi 
sources  on  tlie  aircraft  in  the  direction  of  the  sound  ray  propagating  toward 
the  microphone  (and  consequently  tlie  apparent  w;ivelength  and  lionce  frequency) 
change  with  time  during  a  flyover. 

A  procedure  to  determine  the  separate  components  of  a  complex  time-varying 
sound  such  as  aircraft  noise  does  not  exist.  The  nearest  approximation  to 
sucli  a  procedure  is  the  tone-identification  routine  in  Appendix  B  of  Part  36 
but  that  method  only  provides  a  crude  estimate  of  the  broadband,  continuous 
component  and  no  Information  on  tbe  true  frequency  and  level  of  the  discrete- 
frequency  components.  No  analytical  procedure  is  available  to  account  for  band- 
sharing,  or  Dopp  U'f- rri‘(|uency-sh  [  f  t  cffccis.  Tims,  either  lu'caiisi’  i  nforiiial  i  on  is  not 
availahU'  or  eannot  he  provided  In  a  prael  iral  maniu'r,  apii  I  i  (.at  Ion  ol  flic  liand- 
liUegration  metliud  ol'  i'.ti.  (HI)  will  usually  he  accompl  i slied  In  a  sLralg,lil- 
forward  manner  iiy  ignoring,  any  suspci'ti'd  or  actual  d  i  sc  re  I  e- f  requenc.y  components 
and  simply  estimating  the  pressure  spectrum  function  te.st  band-level 

difference  method  across  the  passband  of  every  filter. 

Tlie  straightforward  approach  was  adopted  for  this  study  when  using  the 
band  ■  integrnt  ion  metliod  of  procedure  (3).  Tlie  band-level  adjustment  factor 
determined  by  sucli  an  apiiroach  will  he  incorrect  althougti  tlie  error,  as 
Montegani^'  has  pointed  out,  will  potentially  be  no  larger  than  using  the  band- 
center-f reqiiency  method  of  procedure  (4)  and  ignoring  the  integral  approach. 

Results  of  Comparative  Evaluations  of  Alternative 
Atmospheric-Absorption  Adjustment  Procedures 

Previous  parts  of  tliis  Section  have  described  the  nine  cases  of  flyover 
noise  data  tliat  were  available  for  analysis.  Tlie  description  included  consi¬ 
deration  of  the  procedures  used  for  acquisition  and  processing  of  the  flyover 
noise  data  as  well  as  consideration  of  tlie  .ivailable  te.''t-t iwe  meteorological 
data.  Tlie  metliod  of  calculating  the  lengths  of  the  sound  propagation  paths 


and  tlie  angles  of  sound  emission  at  times  during  a  flyover  was  shown  for  the 
geometry  of  the  test  cases.  Also  described  was  the  computer  program,  TESTREF, 
that  was  prepared  to  analyze  flyover-noise  test  data  and  to  determine  the 
sound  pressure  levels  that  would  have  been  measured  under  specified 
reference-day  meteorological  conditions  Instead  of  the  .ictiial  test-time 
meteorological  conditions.  Four  alternative  procedures  were  considered  for 
calculating  the  band-level  adjustment  factors  lor  d  1 1  feri'nces  In  atniospluT  Ic 
absorption  under  test  and  reference  conditions.  Evaluation  of  those  four 
procedures  Is  presented  In  this  part. 

Evaluation  of  the  atmospheric-absorption  adjustment  procedures  is  given 
^  here  primarily  in  terms  of  the  effect  on  the  1/3-octave-band  sound-pressure- 

leve.l  spectra.  Evaluation  also  includes  a  discussion  of  the  effect  of  using 
the  various  procedures  on  the  following  noise  descriptors:  PNLM,  PNLTM,  EPNL, 
ALM,  and  SEL 

‘  Mrai-no'rJ  Noiiw  hiivi-’li)  an<l  A-Wi-fUjhtt’ii  ,'Jourid  hr.'.valtu-  We  begin  hy 

considering  the  variation  of  PNLT  and  Ah  with  timt'  during  a  typical  flyover 
noise  measurement.  Figure  31  presents  the  results  at  O.b-s  time  Intervals 
relaLi'’e  to  the  I  line  when  the  alrjiJane  was  over  the  m I c roiilione ,  I.e.,  time 
TU(1)  by  hti.  ('jli).  The  I’NhT  .and  Al.  values  were  normalized  hy  tlit'lr  respective 
maximum  levels,  PNLTM  and  ALM.  The.  data  are  from  run  272  of  the  set  of  I)C-9-iA 
tests,  sea  'fable  2.  The  subcaptions  for  the  two  sets  of  data  in  Fig.  31  list 
the  values  of  the  maximum  quantities  (PNLM,  PNLTM,  and  ALM)  as  well  as  the  time- 
s  Integrated  quantities  (EPNL  and  SEL). 

,  The  plots  in  Fig.  31  illustrate  some  features  that  are  significant  to  a 

study  of  atmospheric-absorption  adjustments.  The  primary  scale  for  the  abscissa 
is  the  linear  scale  for  the  time  TR(I)  at  the  midpoint  of  a  data  sample  relative 
to  the  time  at  overhead.  A  secondary  abscissa  scale  is  shown  below  the  time 
'''  scale  for  the  sound  emission  angle  iji.  Note  the  rapid  variation  in  the  value  of 

tp  around  the  overhead  position.  In  the  two-second  Interval  from  TR=  -1  s  to  TR 
=  +ls,  tp  varied  from  'll. 2°  to  102.3®  or  about  25®  per  si’cond.  The  rapid  vari¬ 
ation  in  angle  emphasizes  Che  need  for  having  a  h  1  gli-r|ua  1 1 1 y  airplane-tracking 
system  during  a  test  and  for  having  accurate  synchronization  in  time  between 
the  airplane  tracking  system  and  the  noise  recordings. 
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-ALMjejt- dB  -  PNLTM 


(a)  TONE-CORRECTED  PERCEIVED  NOISE  LEVEL;  PNLM  =•  108.3  dB, 
PNLTM  =110.1  dB,  EPNL  =  104.7  dB. 


TIME  AT  MIDPOINT  OF  DATA  SAMPLE  RELATIVE 
TO  TIME  AT  OVERHEAD,  SECONDS 


I _ I _ L-L--L  I  i  L  I  ■!  1  l_i  1  1  t  i  1  1  I 

22.4  37.8  53.2  76  4  102.3  122.8  136.4  145.3  155.8  161.5 

28.4  44.5  63.9  89.7  113.5  130.3  141.3  1514  159.0  163  E 

SOUND  EMISSION  ANGLE,  I/*,  DEGREES 

(b)  A-WEIGHTED  SOUND  LEVEL;  ALM  •  93.7  dB,  SEL  -  98.9  dB. 

Figure  Sl.-Vaiiation  of  normalized  PNLT  and  AL  with  time  during  a  DC-9-14 
flyover,  from  run  272. 
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Another  point  is  that,  although  the  time  variation  of  TNIT  and  AL  in 
Fig.  31  is  relatively  smooth,  the  time  pattern  can  contain  several  short - 
duration  peaks.  Indeed,  for  tlie  1*N1.T  d.at.i  In  l'l|\.  Ut.i'l,  the  peak  at  i  l\e 

relative  time,  of  -0.35  s  lias  a  v.'iluo  wiiich  l.s  only  0.  I  dll  holow  tlu'  inaxiimim 

.'It  +0.95  s.  if  the  peak  at  -0.55  s  h.'id  heen  0.1  dll  hlgln't  .'ind  tlu'  pisik  at 
0.95  H  hud  Ivien  0.1  dll  lower,  then  tlie  sonml  emission  .ingle  associated  witii 
I’NLTM  would  liavc  shifted  from  102.3“  to  63.9“  witli  a  correspondingly  large 
cliange  in  the  lengtli  of  the  sound  propagation  patli  and  the  magnitude  of  the 
calculated  band-level  attenuation  due  to  atmospheric  absorption. 

Note  also  that  if  there  had  been  two  or  more  peaks  having  the  same 
maximum  values,  tlie  one  chosen  to  lie  designated  as  I’NI.TM  (and  its  corre¬ 
sponding  time  or  emission  angle)  is  always  the  last  one  in  a  search  from  the 

fir.st  to  the  last  data  sample.  The  choice  of  wliicli  maximum  to  designate  as 

I’NLTM  or  ALM  does  not  affect  the  determination  of  the  iD-dli-down  Integration 
times  or  Llie  value  of  the  Integrated  meaHures  F’l’M.  or  SKI..  Tlin  cltolce  of  tlie 
time  of  oee.urreiu'.e  of  I’Nl  TM  or  A1.M  does,  however,  allii't  tlie  lenp.ih  of  the  sound 
propagation  path  and  tlie  calculutLon  of  the  liand-ievel  adjustment  factors  from 
test  to  reference  meteorological  conditions. 

In  five  out  of  the  nine  test  cases,  the  time  of  occurrence  of  PMF.TM  was 
the  same  as  the  time  of  occurrence  of  ALM.  Figure  3.1,  however,  shows  one  of 
the  cases  where  tlie  relative  times  wtM'e  not  the  same.  The  maximum  sound 
levi'l  occurred  at  +1.95  s  at  an  angle  of  122.8“  or  one  second  later  than 
I’NLTM  .It  an  .ingle  of  102.3“.  Depending  on  the  spectrum  of  the  sound  signal, 
the  time  of  ALM  could  precede  or  follow  the  time  of  FNI.n-l,  although  in  three 
of  the?  four  cases  where  the  times  were  not  equal,  the  time  of  ALM  occurred 
after  the  time  of  I’NLTM  by  0.5  to  1.0  seconils. 

'I'lie  tone-correction  factor  (TCF)  of  1.8  dll  .shown  In  Fig.  31  (.a)  was  the 
largest  value  obtained  for  the  nine  Lest  cases  although  a  value  of  1.8  dll  was 
also  obtained  for  run  358  as  indicated  below. 
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Run 

TCF  » 

I’NLTM-PNLM, 

dll 

Center  frequency  of  band 
wltli  largest  tone- 
correction  factor,  II?, 

DC-y-IA: 

272 

1 .8 

II  50 

322 

().(i 

3150 

358 

1.8 

3150 

37A 

1.1 

3151) 

378 

1.5 

3150 

727-100: 

25 

O.A 

2500 

hearjet : 

12 

O.A 

2500 

HS-7A8: 

7 

0.5 

1600 

Bcecli: 

119 

0.3 

1250 

Tho  smaller  tone-correction  factor  for  run  322  is  understandable  because, 
as  sliown  in  Table  A,  run  322  was  flovm  at  a  s It^n If icantly  lower  engine  power 
settinR  than  tbo  otlier  four  HC-y  runs  and  the  tone  should  have  had  a  lower  frc- 
(|uenev  by  the  ratio  of  shaft  speeds  (hy  tlie  ratio  1)1/73  0,8)  and  lienci*  mlp,ht  have 

!il\ll  lt'd  le  I  he  nt'Xl  lower  hand  at  2')()0  llz  or  perhaps  have  shared  some  enerp.y 
hetween  I  he  2')0()  and  the  ll'iO-llx  liaud.'i.  The  .slightly  siiialler  1  one-enrree  l  loti 
laetor  lor  rnn  i'/A ,  t'onipared  with  that  lor  the  otlier  runs  at  t  lu'  same  power 
setting,  Is  iittr  United  to  tlie  fact  lliat  run  37A  was  flown  at  almost  twice  the 
lieiRht  of  runs  272,  358,  and  378,  see  Table  A(b).  The  small  variation  of  TCK 
from  1.5  to  1.8  dll  for  runs  272,  358,  and  378  is  an  indication  of  the  good  repeat¬ 
ability  of  till!  data  from  that  test  series. 

Ttu-  small  TCl'  values  for  the  727  ami  tin*  hearjet  runs  are  attributed  to 
the  fact  that  tiu’  sound  signal  from  those  two  airplanes  is  dominated  by  broad¬ 
band  Jet  noise  at  the  takeoff  power  sc'tting.  The  tone-correction  algorithm  in 
program  THSTUEF,  as  explained  previously,  does  not  compute  tone  corrections  for 
ground-reflection  effects  In  the  frequency  range  below  a  band  center  frequency 
of  1000  Hz. 

Thc‘  fact  that  the  hand  producing  the  largest  tone-correction  factor  was  the 
2500-11?,  band  for  the  727  and  the.  hearjet  is  tlie  result  of  the  rapid  spectral 
rolloff  I'aused  hy  atmosplu’r  1 1'  absorption  at  high  f  rec|uenc  ies .  A  large  ch.ange 
in  band-level  slope  in  the  test-time  stiund  pressure  level  spectrum  is  regarded 
as  a  spectral  irregularity  for  which  a  tone-correction  penalty  is  calculated 
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Tnblu  A . -iCnRint'/n  1  rplnne  paramoters 
for  l)C-9  runs 


(a)  engine  parameters 


run 

no. 

nominal 
thrust 
per  engine, 
kN 

engine 

pressure 

ratio 

engine 
exhaust  gas 
temperature,  ®C 

engine 

LP  shaft 
speed,  pet 

left 

right 

left 

right 

left 

right 

272 

26.7 

1.44 

1.44 

370 

375 

75.1 

75.0 

322 

13.3 

1.205 

1.205 

322 

321 

61.2 

60.9 

358 

26.7 

1 .44 

1.44 

380 

380 

75.9 

75.2 

374 

26.7 

1.44 

1.44 

390 

380 

76.0 

75.5 

378 

26.7 

1.44 

1.44 

390 

385 

76.1 

75.8 

(b)  airplane  parameters 


run 

no. 

airplane 
gross  we i gilt 
at  overhead, 
kN 

airplane 
height 
over  mic, 
m 

flap 

deflect , 
deg 

nominal 
airspeed , 
m/s 

nominal 
flight 
Mach  no 

272 

344.9 

155.8 

33 

71.7 

0.213 

322 

312.2 

153.8 

0 

78.3 

0.229 

358 

334.3 

152.8 

38 

74.4 

0.219 

374 

315.8 

339.8 

38 

73.5 

0.215 

378 

302.1 

156.8 

36 

72.6 

0.212 

oven  tlK)ii),',li  no  d  1  Hcreto-frequuncy  is  present. 

I'of  till!  two  lu-opullor-powored  airplanes,  the  spectral  Irregularities  related 
to  the  fundamental  and  liarmonics  of  the  blade-passing  frequency  in  the  bands 
at  100,  200,  and  400  Hz  were  ignored  in  calculating  tone  corrections. 

Spectral  irregularities  for  center  frequencies  above  1000  Hz  were  caused  by 
atmospheric  absorption  and  yielded  the  0.5  and  O.l-dll  tone-correction  factors 
shown  In  tlie  table  on  page  lAA. 

To  complet'.'  tlie  discussion  of  tlie  results  in  Fig.  31,  consider  the  duration 
I  actors  DOF  for  Hl’Nb  and  DSICI.  for  SKL.  It  is  interesting  to  note  that  DSEL  can 
be  closely  approximated  by  the  qu.nntity  (DCF  F  10).  To  see  why  this  should  be, 
and  to  derive  a  useful  relation,  we  re-write  Eqs.  (50)  and  (51)  by  Introducing 
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the  maximum  values  I’NLTM  and  ALM.  The  worklnR  definitions  for  EPNL  and  SEL 
can  then  be  re-cast  into  tlie  format  of  Eqs.  (48)  and  (49)  where  tlie  duration 
factors  are  Kiven  by 


DCI'  =  10 


t;! 


^  1  (I'Nl.Td)  -  I'NI.TM) 

l“ti 


+  JO  loK  (At/L,,)  (H7) 


and 


DSEL  =■  10  log 


t2 


^QO.ltAL(l)  -  ALM) 

i-ti 


+  10  log  (At/t^) .  (88) 


If,  I’ls  suggested  by  the  two  plots  in  Eigs.  '31(a)  and  31(b),  the  time  vari¬ 
ation  of  the  normalized  (juantltles  (1>NI,T(1)  -  I’NLTM]  and  |A1,(1)  -  ALM]  Is  npprox- 
Iniati'ly  the  same  over  the  period  of  time  bel.wei'ii  Hie  lO-dll-down  times  t)  and  t?, 
tiien  the  two  diirat  lun  correction  factors  should  only  differ  by  10  times  l.lie 
lup.arillim  ol  the  ratio  of  the  reference  I  lines 


Thus,  the  following  approximation  should  hold: 


DSEL  DCE  +  10  log  (t|,,/t^) 


(89) 


or 


DSEL  DCS  +  10.  (90) 

The  reference  times  of  1 1,  =■  10.0  s  and  t^  -  1.0  s  were  used  to  obtain  Eq.  (90). 

Equation  (90)  could  be  useful  in  a  situation  where  the  EPNL  and  the  duration 
fuctoi.  DCF  were  known  and  ALM  was  also  known  and  it  was  desired  to  obtain  an 
estimate  of  SEL  for  the  same  recording  of  flyover  noise. 

Another  useful  relation  between  the  duration  factors  can  be  obtained  by 
approximately  the  shaiie  of  the  time  variation  of  PNl.T  or  AL  between  the  10-dB- 
down  times  by  a  triangle  with  a  base  equal  to  the  10-dB-down  duration  time 


146 


or  ^  or  simply  .  The  vertex  of  the  triangle  is  at  0.0  clB  for  the 

normalized  quantities  at  the  time  of  l’NI,TH  or  ALM. 

The  height  of  the  triangle  Is  given  by  tlie  difference  between  tlie  |)Ower 
ratios  at  0.0  dB  and  at  10.0  dB,  l.e.,  by  the  difference  between  1.0  and  0.1 
or  a  height  of  0.9  in  terms  of  power  ratios  for  tlie  normalized  ordinate  scale. 

The  area  of  the  triangle  approximates  the  area  under  the  plot  of  [PNLT(l) 

-  I’NLTMl  or  of  (AL(1)  -  ALM]  in  Pigs.  ‘31(.0  and  .'IHb)  and,  effectively,  provides 
an  alternative,  way  of  evaluating  Kqs.  (87)  and  (88). 

Thus,  tor  the  normalized  PNI.T  plot  we  obtain 


DCF  =  10  log  {[(l/2)(tjj^j..)(0.9)]/tj,} 
=<  10  log  +  10  log  (0.9/2tj.) 

«  10  log  t|j  j,  -  13.5 


and  for  tlie  normalized  AL  plot  we  obtain 


DSKI.  10  log  l[(l/2)(t„^^)(().9)]/ijj] 
*^U,A  ■ 


We  can  use  the  value  of  6.0  seconds  shown  in  Figs.  31(a)  and  31(b)  for 
t,  ,,  and  t  .  to  test  the  validity  of  the  approximations  in  Eqs.  (91)  and  (92) 
Thus,  for  run  272,  Eq.  (91)  gives  -5.7  dB  against  the  calculated  value  of  -5.4  dB 
while  Eq.  (92)  gives  +4.3  dB  against  the  calculated  value  of  +5.2  dB.  Additional 
compar I  sons  arc  given  la  Table  5  for  tin*  approximations  given  by  Eqs.  (90),  (91), 
and  (92)  with  duration-factor  values  calculated  from  Eqs.  (50)  and  (51)  using 
compute.r-i>rogram  subroutine  INTKC.  The  approximate  duration  correction  factors 
are  within  one  decibel  of  the  values  obtained  from  the  measured  data. 


The  data  shown  in  Fig.  31  were  typical  of  the  time  variation  of  airplane 
noise  level  in  the  sense  of  being  representative  of  the  sliape  and  the  10-dB- 
down  duration  time  that  would  be  measured  during  an  Appendix  C  aircraft-noise- 


Table  5. -Measured  and  approximate  duration  factors  for  EPNL  and  SEL 


®At  the  time  of  PNLTM 
*^At  the  time  of  ALM 


certification  exercise  for  many  large  .Jet-powered  airplanes.  The  results  in 
I'ig.  31  are  also  representative  of  most  of  the  data  available  to  this  study. 
However,  for  liigli-performance  airplanes  (e.g.,  most  business-executive  jots) 
and  for  relatively  (juiot  aircraft  (e.g.,  airplanes  powered  hv  modern  lilgli- 
bypass-ratlo  engines  including  new  or  ro-engined  business-executive  Jets), 
the  time  variation  shown  In  Fig.  31  is  not  too  representative,  especially 
for  P'liae  measurements  at  the  FAR  36  takeoff  or  sideline  points. 

Airplanes  that  have  a  high  thrust-to-weigbt  ratio  and  consequently  attain 
a  great  height  by  the  time  they  reach  the  6500-m  takeoff-noise-measuring  point, 
ns  well  as  airplanes  that  arc  relatively  quiet,  may  both  generate  noise  levels 
which,  at  moat,  are  only  a  few  decibels  above  the  background  noise,  especially 
under  highly  absorptive  atmospheric  conditions.  In  such  cases,  determination 
of  tl\o  10-dIl-down  integration  times  ij  and  t;  can  be  difficult.  Noise  levels 
mL'aMur(Hl  during  the  Ra l.Mlu'ck-I.earjel  test,  run  12,  are  representative  of  suc;h 
data  wltli  tlio  results  shown  in  Fig.  32.  Note  tliat  the  Increments  along  the 
time  se.'ile  on  the  abscissa  In  Fig.  32  differ  from  those  in  Fig.  31  by  a  factor 
of  two.  The  range  of  sound  emission  angles  covered  by  the  data  in  Fig.  32  is 
smaller  than  in  Fig.  31  because  the  maximum  values  occurred  well  after  the 
overhead  point  at  an  angle  of  approximately  135*  and  because  the  rate  of  change 
of  emission  angle  with  time  is  slow  when  the  height  of  the  flight  path  above 
ground  level  is  as  great  ns  it  was  for  the  Learjet  test  (l.e.,  1357.8  m) . 

When  the  propagation  distance  is  long,  the  noise  level  is  often  observed 
to  fluctuate  by  several  decibels  over  relatively  short  periods  of  time.  The 
fluctuations  may  be  caused  by  atmospheric  turbulence  or  by  refraction  effects 
resulting  from  variations  in  the  wind  or  air  temperature  along  the  sound 
propagation  patlis.  For  the  data  in  Fig.  32,  the  10-dB-down  duration  times, 
determined  in  accordance  with  the  rules  described  earlier,  were  approximately 
30  seconds.  Noise  levels  between  relative  times  of  10.75  and  13.25  seconds 
are  not  shown  in  Fig.  32  because  for  those  teat  times  there  were  so  few 
measured  band  sound  pres.sure  levels  which  exceeded  the  background  sound  pressure 
levels  that  the  calculated  perceived  noise  levels  and  A-welghtod  sound  levels 
for  those  times  were  not  reliable. 
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2/3-Ootave-Bccnd  Sound  PreaBuve  Levels  at  the  Time  of  PNLTM. -Thus  far  we 
have  discussed  the  time  variation  of  perceived  noise  level  and  A-welghted 
sound  level.  We  have  also  discussed  tone-correction  factors  for  perceived 
noise  level  and  the  duration  factors  In  the  calculation  of  effective  per¬ 
ceived  noise  level  and  sound  exposure  level.  We  now  turn  to  the  1/3-octave- 
band  sound  pressure  level  spectra. 

The  sound  pressure  levels  at  the  time  of  occurrence  of  PNLTM  are  shown 
In  rig.  33  for  all  nine  test  cases. 

The  spectra  for  the  four  DC-9  runs  that  were  at  the  same  nominal  height 
over  the  microphone  (at  the  distance  designated  AMH  in  the  legends  for  the 
figures)  are  shown  In  Fig.  33(a).  The  propagation  distances,  PD,  and  sound 
emission  angles,  tp,  are  tabulated  In  the  legend.  Note  that  the  low-frequency 
component  of  the  spectrum  is  significantly  lower  for  run  322  than  for  the 
other  three  runs  because  run  322  was  flown  at  a  lower  power  setting  (see 
Table  4).  All  runs  had  a  spectral  peak  in  the  band  at  3150  Hz. 

Note  also  that  the  high-frequency  sound  pressure  levels  in  the  4000  to 
10,000-Hz  bands  were  significantly  lower  for  run  272  than  for  the  other  three 
runs.  The  lower  levels  are  probably  the  result  of  more-absorptive  conditions 
along  the  sound  path  at  the  time  of  run  272  because,  as  shown  In  Figs.  25(a) 
and  23(b),  the  atmosphere  was  considerably  drier  during  run  272  than  during 
the  other  runs.  The  adjustment  factors  from  test-to-ref erence  conditions 
should  therefore  be  greater  for  run  272  than  for  the  other  runs  In  Fig.  33(a). 

Figure  33(b)  shows  the  spectra  for  DC-9  run  374  and  for  the  727.  Those 
two  runs  were  flown  at  about  the  same  height  overhead,  but  the  propagation 
distances  and  sound  emission  angles  were  different  because  the  727  was 
climbing  while  the  DC-9  was  flown  In  a  level  flight  path.  The  emission 
angles  also  differ  because  the  727  was  at  takeoff  power  instead  of  the 
reduced  power  setting  used  for  the  DC-9  runs.  Note  the  much  higher  level  of 
low-frequency  jet  noise  for  the  727  even  though  the  propagation  distance 
was  507  m  compared  with  369  m  for  the  DC-9.  The  727  and  the  DC-9  are 
both  powered  by  JT8D  turbofan  engines. 
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SOUND  PRESSURE  LEVEL,  dB 


1/3-OCTAVE.BANO  CENTER  FREQUENCY,  Hz 


(cl  LEARJET,  HS-748,  AND  BEECH  DEBONAIR. 
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Figure  33(c)  present«  the  spectra  for  the  Raiebeck-Lear,1  et  (the  run  with 
the  longest  propagation  distance  at  1925.7m)  and  the  two  propeller-powered 
airplanes  -  the  Hawker  Siddeley  HS-748  and  the  Beech  Debonair.  The  strong 
spectral  peaks  in  the  HS-748  spectra  in  the  100,  200,  and  400-Hz  bands  are 
related  to  the  fundamental  and  harmonics  of  propel'  :  blad-’-passing  frequency. 
The  spectrum  from  the  Beech  Debonair  did  not  contain  the  sharp  spectral  peaks 
that  the  HS-748  spectra  contained. 

The  spectra  in  Fig.  33  illustrate  some  of  the  missing-band  problems 
discussed  in  an  earlier  part  of  this  Section.  Data  for  the  63-Hz  band  are 
missing  from  the  DC-9  data  in  Fig.  33(a)  leaving  an  isolated  sound  pressure 
level  in  the  first  band  at  50  Hz.  Data  for  the  80-Hz  band  is  missing  from  the 
DG-9  spectra  for  run  374  in  Fig.  33(b).  Data  from  the  runs  with  long  propa¬ 
gation  distances  have  several  band  levels  missing  because  of  background  noise 
contamination,  especially  in  the  high  frequencies  where  the  effect  of  atmos- 
pneric  absorp/tion  hao  reduced  the  signal  to  a  very  low  level.  The  Lear  jet 
run  is  also  missing  low-f ’"'-luency  data  in  the  50,  63,  and  80-Hz  bands. 

The  spectrum  for  the  727  for  the  bands  at  4000  and  5000  Hz  also  seems 
to  indicate  the  problem  of  Inadequate  rejection  in  the  filter  stopbands  that 
was  discussed  in  the  previous  Section.  On  the  basis  of  the  507-ni  pathlength 
and  the  relatively  !-orptive  conditions  at  the  surface,  the  spectral  slope 
should  h:'ve  continued  to  decrease  from  the  3150-Hz  to  tlie  4000-Hz  to  the 
5000 -Hz  bands.  The  increase  rather  than  decrease  in  slope  is  similar  to  the 
filter  effect  shown,  for  example,  in  Figs.  19  and  22. 

The  ensuing  d  iscussion  of  atmospheric-absorp*- ion  effects  will  concentrate 
on  the  four  DC-9  runs  at  the  same  nominal  power  setting  (omitting  run  322) 
and  the  Learjet,  run  12.  Tlie  adjustments  for  the  727  and  the  HS-748  are 
not  too  intrrestlng  because  only  surface  meteorological  data  were  measured. 

Tlie  adjustments  for  tlie  Beech  Debonair  are  also  not  very  interesting  because 
met ■^orological  data  were  measured  only  at  the  surface  and  at  tne  airplane  and, 
as  shoi«m  in  Tabic  3,  there  was  not  much  difference  in  temperature  or  humidity 
between  the  two  heights.  Also,  for  the  Beech  data,  because  the  temperature  was 
only  1°  to  2°  C  less  than  the  reference  temperature  of  25“  C,  though  the  rein- 
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tlve  humidity  was  less  than  70  percent,  the  magnitude  oC  the  spectral  adjustments 
would  probably  be  relatively  small.  Therefore,  because  conditions  along  the 
sound  propagation  paths  were  not  measured  during  the  Beech  Debonair  tests, 
discussion  of  the  effects  of  the  alternative  adjustment  procedures  on  the 
1/3-octave-band  sound  pressure  levels  is  omitted  for  the  Beech  Debonair  data 
as  well  as  the  727  and  HS-7A8  data. 

Atmospheric  Sound  Absorption  Coefficients. -One  of  the  objectives  of 
this  study  was  an  evaluation  of  the  differences  in  calculated  band-level 
adjustment  factors  caused  by  differences  in  computing  atmospheric  absorption 
by  the  method  in  SAE  ARP866A  and  that  in  ANSI  SI. 26-1978.  To  anticipate 
the  magnitude  and  feign  of  the  differences,  Kig.  3A  shows  how  the  atmospheric 
sound  absorption  coefficients  from  the  two  methods  vary  with  the  frequency  of 
a  sound  wave  and  the  relative  humidity  and  temperature  of  the  air. 

The  absorption  coefficients  for  the  ANSI  51,26-1978  method  are  presented 
as  a  smooth  continuous  function  of  frequency  In  accordance  with  the  method 
in  the  Standard.  However,  the  coefficients  for  the  method  of  SAF  ARP866A 
have  a  discontinuity  at  5000  Hz  Isee,  in  particular,  Fig.  34  (h)].  The  dis¬ 
continuity,  while  it  could  have  been  eliminated  by  just  using  the  equations 
for  the  method  and  simply  varying  the  frequency  in  regular  steps,  was  included 
in  Fig.  34  because  the  discontinuity  is  a  central  part  of  the  method  of 
SAE  ARP866A  when  dealing  wltli  1/3-octave  band  data.  Thus,  the  absorption 
coefficient  by  SAE  ARP866A  that  Is  plotted  at  5000  Hz  was  actually  calculated 
for  a  frequency  of  4500  Hz;  at  6300  Hz  It  was  calculated  for  5600  Hz;  at 
8000  Hz  it  was  calculated  for  7100  Hz;  r.nd  at  10,00o  !lz  it  was  calculated 
for  9000  Hz.  The  result  is  a  displacement  to  the  right  of  the  high-frequency 
end  of  the  absorption-coefficient  curve. 

It  is  interesting  to  observe  that  a  displacement  to  the  left  of  the  high 
frequency  portion  of  the  SAE  ARP866A  curves  would  make  them  almost  coincide 
with  the  high-frequency  curves  calculated  by  the  ANSI  51,26-1978  method. 

Neglecting  the  built-in  differences  between  the  two  methods  at  high 
frequencies,  the  main  differences  is  In  the  absorption  coefficients  at  low 
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frequencleB  when  the  humidity  1r  moderate  to  relatively  hlRh,  seo  FIrs.  ;i''-t(b) 
and  3A(c),  The  difference  at  these  frequencies  would  be  most  significant 
for  long  propagation  paths.  In  the  frequency  range  from  about  500  to  about 
2000  Hz,  the  method  of  ANSI  SI. 26-1978  generally  Indicates  a  smaller  absorp¬ 
tion  coefficient  than  the  method  of  SAE  ARP866A.  Thus,  for  data  In  that 
range  of  frequencies,  the  band-level  adjustment  factors  to  reference  condi¬ 
tions  should  be  somewhat  smaller,  for  most  test  conditions,  for  the  method 
of  the  ANSI  Standard  than  for  the  method  of  SAE  ARP866A. 

Band-Level  Teet-to-Beferenae-Day  Adjustment  Factors. -Tl>e  first  set  of 
1/3-octave-band  sound-pressure-level  adjustment  factors  are  shown  in  Fig. 

38  for  DC-9  runs  358,  378,  and  272.  Tliose  three  runs  had  approximately  equal 
propagation  distances  and  sound  emission  angles  at  the  time  of  PNLTM.  Also, 
they  all  were  flown  at  nearly  equal  engine  power  settings,  see  Table  4. 

The  sound  pressure  level  adjustment  factors  for  the  three  runs  in  Fig.  35 
are  arranged  in  order  ranging  from  run  358  which  had  the  smallest  values  for 
the  test-to-ref erence-day  adjustment  factors  to  run  272  which  had  the  largest 
adjustments  of  the  three  runs.  The  fact  that  the  adjustments  were  largest 
for  run  272  was  expected  because  the  test-time  high-frequency  sound  pressure 
levels  for  that  run  were  significantly  lower,  as  shown  in  Fig.  33(a),  for 
that  run  than  for  runs  358  or  378.  Also,  on  the  basis  of  the  low  temperature 
and  low  humidity  during  run  272  [see  Figs.  24(a)  and  25(a)),  it  was  expected 
that  the  adjustments  to  23°  C  and  70  percent  relative  humidity  should  have 
been  relatively  large  for  the  data  from  run  272. 

The  fact  that' the  adjustments  were  somewhat  larger  for  run  378  than  for 
run  358  was  expected  because,  again  as  shown  in  Fig.  33(a),  the  test-time  high- 
frequency  sound  pressure  levels  were  lower  for  run  378  than  for  run  358.  For 
the  same  propagation  distance,  emission  angle,  and  engine  power  setting,  the 
lower  values  of  sound  pressure  level  should  have  been  associated  with  a  larger 
amount  of  atmospheric  absorption  along  the  sound  path.  Thus,  the  lower  values 
of  sound  pressure  level  should  have  the  larger  adjustments  to  reference  meteor¬ 
ological  conditions. 
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Figure  35. -Band  sound-pretiure-level  adjuftmant  factors  at  the  time  of  PNLTM^jj^  for  DC-9- 14 
runs  at  nearly-equai  sound  propagation  distances,  PD,  and  emission  angles,  W  .  but 
different  meteorological  conditions  along  the  sound  path. 
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Figure  36.-Concludad. 


The  reason  the  test-time  atmospheric  conditions  should  have  been  more 
absorptive  for  run  378  than  for  run  358  is  not  obvious  from  inspection  of  the 
meteorological  data  in  Figs.  Ik  and  25.  It  is  noted,  however,  that  the  pro¬ 
files  of  the  molar  concentration  of  humidity  in  Fig,  25  had  a  negative  lapse 
rate  for  all  runs  [including  the  Lear.let  run  in  Fig.  25(c)]  except  run  358 
for  the  range  of  heights  between  the  surface  and  the  height  of  the  airplane. 

For  run  358,  the  lapse  rate  of  humidity  was  positive,  as  was  the  temperature 
lapse  rate  shown  in  Fig.  2k (c).  Apparently,  the  meteorological  conditions 
along  the  path  kept  changing  in  sucIj  a  way  that  the  test-time  absorption  loss 
was  closer  to  the  absorption  loss  under  reference  conditions  for  run  358  than 
for  run  378. 

The  data  shown  in  Fig.  15  illustrate  some  general  trends  observed  for  the 
six  of  tlic  nine  test  cases  where  meteorological  data  were  measured  along  the 
sound  propagation  path.  First,  therewassome  frequency  below  which  the  test- 
to-reference  adjustment  factors  equalled  zero  decibels  (actually  less  than 
10.05  db  because  of  rounding  to  the  tenth  of  a  decibel  in  the  calculations). 

The  frequency  below  which  the  adjustment  factor  was  always  zero  decibels  was 
a  function  of  (1)  which  model  was  used  to  calculate  atmospheric  absorption 
losses,  (2)  the  meteorological  conditions  at  the  time  of  the  test,  and  (3) 
the  Icngtli  of  the  propagation  path.  In  general,  the  frequency  above  which 
the  adjustment  factors  were  always  nonzero  was  iiigher  using  the  ANSI  SI. 26-1 978 
metliod  than  the  'Hethod  of  SAK  AK1’866A,  l.e.,  by  adjustment  procedures  (3) 
or  (A)  than  by  procedures  (1)  or  (2). 

This  result  is  consistent  with  the  differences  in  the  low-frequency  absorp¬ 
tion  coefriclents  in  Fig.  34.  Compare,  for  example,  the  curves  in  Fig.  34(c) 
ior  tlie  reference  temperature  of  25“  C,  at  frequencies  below  500  Hz,  with  those 
for  colder  temperatures  in  Figs.  34(a)  or  34(b).  The  differences  arise  because 
the  model  in  SAK  ARP866A  is  Independent  of  humidity  at  low  frequencies  for 
warm  temperatures  [25°  C],  while  the  model  in  ANSI  SI. 26-1978,  which  is  based 
on  an  Improved  understanding  of  ab.sorption  mechanisms  at  low  frequencies,  indi¬ 
cates  a  strong  dependence  on  humidity  at  all  temperatures.  The  consequence 
of  the  differences  in  the  low-frequency  absorption  losses  calculated  by  the 
two  models  is  not  large  in  an  absolute  sense  unless  the  propagation  path  is 
of  the  order  of  thousands  rather  than  hundreds  of  met£*rs. 


The  second  Interesting  feature  of  the  band-level  adjustment  factors  In 
Fig.  35  is  that  over  a  relatively  large  frequency  range  (generally  from  250 
to  2000  Hz  in  Fig.  35)  the  adjustment  factors  are  negative  rather  than  positive. 
A  negative  factor  indicates  that  the  sound  pressure  level  under  reference  con¬ 
ditions  is  lower  than  under  the  test-time  conditions,  i.e.,  that  the  test-time 
meteorological  conditions  are  less  absorptive  than  the  reference  conditions. 
Although,  as  can  be  seen  from  the  data  in  Fig.  34  or  by  examination  of  the 
tabulated  values  of  absorption  coefficients  in  Volume  111  of  this  report,  the 
absorption  coefficients  for  the  warm  and  humid  conditions  at  25“  C  and  70-per¬ 
cent  relative  humidity  are  usually  smaller  than  for  other  temperatures  or  hum¬ 
idities,  they  can  be  greater  at  some  frequencies.  At  high  frequencies,  the 
reference-day  absorption  coefficients  are  almost  always  smaller  than  those  under 
practical  test-time  conditions  with  the  result  that  the  adjustment  factors 
arc  generally  positive  at  high  frequencies  and  tlie  sound  pressure  levels  are 
greater  for  reference  than  for  test-time  conditions. 

The  magnitude  of  the  negative  adjustment  factors  was  always  less  than  one 
decibel  for  the  pathlengths  corresponding  to  the  data  in  Fig.  35.  Longer  path- 
lengths  would  be  expected  to  result  in  calculation  of  factors  that  are  more 
negative  than  those  for  the  pathlengths  of  Fig.  35.  The  importance  of  negative 
adjustment  factors  is  that  they  tend  to  offset,  to  a  degree,  the  influence  of 
positive  adjustment  factors  at  high  frequencies.  For  a  particular  aircraft, 
the  net  effect  on  perceived  noise  level  or  A-weighted  sound  level  depends  on 
the  shape  of  the  spectrum  of  the  sound  signal  at  tlie  microphone.  For  aircraft 
that  produce  a  spectrum  having  a  large  amount  of  low-frequency  energy,  for 
example  the  Lear  jet  at  takeoff  power  as  in  Fig.  33(c),  the  offsetting  effect 
of  the  negative  adjustment  factors  could  yield  a  lower,  rather  than  a  higher, 
reference-day  EPNL  and  SEL  compared  with  the  test-time  values. 

For  most  aircraft  noise-certification  tests,  the  relatively  small,  negative 
adjustment  factors  will  not  be  large  enough  to  offset  the  larger,  positive, 
high-frequency  adjustment  factors.  Hence,  reference-day  EPNLs  will  usually 
tend  to  be  greater  than  test-time  EPNLs,  It  may  be  significant,  liowever,  to 
note  from  Fig.  35  that  the  method  of  ANSI  Si. 26-1978  [procedures  (3)  and  (4) j 
produced  mid-frequency  adjustment  factors  that  were  consistently  more  negative 
than  those  calculated  using  the  metliod  of  SAE  ARP866A  [procedures  (1)  and  (2)(. 


The  most-significant  feature  of  the  data  In  Fig.  35  Is  the  large  and 
positive  values  of  the  adjustment  factors  in  the  higher-frequency  bands  starting, 
approximately,  in  the  2000-Hz  band  for  the  patliiengths  of  Fig.  35.  The  magnitude 
of  the  adjUHLinent  factor,  in  a  particular  high-frequency  hand.  Increased  as  flie 
test-time  meteorological  conditions  became  increasingly  more  absorptive,  l.e., 
from  run  358,  to  378,  to  272.  The  frequency  where  the  adjustment  factor  changed 
from  negative  to  positive  decreased  as  the  test-time  conditions  became  more 
absorptive. 

Of  greater  interest,  however,  are  the  differences  between  the  sole  use  of 
meteorological  conditions  at  the  10-m  height,  procedure  (1),  and  the  use  of  con¬ 
ditions  along  the  path  in  a  layered-atmosphere  analysis,  procedure  (2).  On  the 
basis  of  the  differences  shown  in  Fig.  24  in  test-time  absorption  coefficient 
at  315U  Hz  over  the  height  range,  it  was  not  expected  that  there  would  be  large 
differences  for  the  DC-9  runs  between  using  10-m  and  sound-patli  meteorological 
conditions.  Tliat  expectation  was  confirmed  by  tlu;  results  in  Fig.  35  where  the 
difference  in  bund-level  adjustment  factor  between  the  metliods  of  procedures 
(1)  and  (2)  was  no  more  than  0.5  dB  at  10,000  Hz  for  the  more-absorptive  condi¬ 
tions  of  run  272,  Fig.  35(c).  The  longer-pathlength  and  very-absorptive 
conditions  fur  the  Learjet  test,  see  Fig.  24(f),  should  show  more  influence  of 
the  effect  of  the  choice  of  test-time  meteorological  conditions  than  any  of 
the  DC-9  runs. 

For  data  in  Fig.  35,  however,  high-frequency  band-level  adjustment  factors 
calculated  using  only  iO-m  meteorological  conditions  were  always  smaller  than 
those  c.Tlculated  using  the  sound-path  conditions  for  the  layered-atmosphere 
analysis  of  procedure  (2).  This  result  is  expected  to  be  applicable  to  most 
aircraft  noise  test  conditions  likely  to  be  encountered  in  practice  because 
meteorological  conditions  aloft  are  generally  associated  with  larger  test-time 
sound  absorption  coefficients  than  test-time  conditions  at  10  meters  above  the 
ground  surface. 

Another  feature  of  the  results  in  Fig.  35  is  that,  as  expected,  the  adjust¬ 
ment  factors  for  the  high-frequency  bands  are  larger  when  calculated  using  the 
atmospheric-absorption  model  of  ANSI  SI. 26-1978  than  using  the  model  of  SAE 
ARP866A.  For  center  frequencies  between  4000  and  10,000  Hz,  the  difference 
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ranged  from  less  than  0.5  dB  to  as  much  as  5  dB  at  10,000  Hz  for  the  absorptive 
test-time  conditions  of  run  272. 

Most  of  the  difference  between  the  results  obtained  using  the  two  models 
can  be  attributed  to  the  use  of  the  lower  bandedge  frequency  in  the  SAE  ARP866A 
procedure  to  represent  the  loss  over  the  four  1/3-octave-bands  from  5000  to 
10,000  Hz.  In  fact.  If  the  dashed  lines  In  Fig.  34  representing  the  SAE  ARP866A 
model  were  to  be  shifted  to  the  left  by  an  amount  representing  the  ratio  of  the 
center  frequency  to  the  lower  bandedge  frequency,  the  resulting  band-adjustment 
factors  would  be  in  closer  agreement  than  they  are  in  Fig.  35. 

The  change  from  using  the  band  center  frequency  to  using  the  band  lower 
cutoff  frequency  introduces  a  kink  or  discontinuity  in  the  adjustments  calcu¬ 
lated  using  the  SAE  ARP866A  model  in  procedures  (1)  and  (2).  The  discontinu¬ 
ity  occurs  between  the  bands  at  4000  and  5000  Hz  and  Is  most  easily  seen  for 
the  results  in  Fig.  35(c). 

One  final  remark  from  the  results  in  Fig.  35  is  that  the  band-center- 
frequency  method  of  procedure  (4)  always  produced  a  somewhat  larger  adjustment 
factor  for  the  high-frequency  bands  than  did  the  band-integration  method  of 
procedure  (3).  The  difference  increased  as  the  slope  of  the  high-frequency 
portion  of  the  test-time  spectrum  became  steeper  with  increasingly  more-absorp¬ 
tive  test-time  conditions.  For  the  data  in  Fig.  35,  there  was  no  difference  in 
adjustment  factors  by  procedures  (3)  and  (4)  for  band  center  frequencies  up  to 
5000  Hz.  The  larger  factors  calculated  by  the  band-center-frequency  method  for 
spectra  with  steep  high-frequency  slopes  and  the  agreement  at  low  frequencies 
are  both  consistent  with  the  results  obtained  by  Monteganl^*  and  with  the  results 
of  the  analytical  study  in  Section  2,  see  Fig.  14. 

For  spectra  containing  steep  negative  slopes  in  the  high-frequency  bands, 
the  adjustment  calculated  by  the  band-integration  method  is  intrinsically  more 
correct  than  the  adjustment  calculated  by  the  band-center-frequency  method. 

Unless  one  has  available  aircraft  noise  data  measured  at  different  dis¬ 
tances  under  reference  meteorological  conditions  and  under  a  variety  of  test¬ 
time  conditions  and  were  able  to  compare  the  ability  of  the  various  procedures 


to  adjust  the  measured  non-reference-condltlon  data  to  the  measured  reference- 
condition  data,  there  does  not  seem  to  be  any  analytical  technique  to  use  air¬ 
craft  noise  measurements  for  determining  the  absolute  accuracy  of  any  particular 
adjustment  method.  Indeed,  aircraft  noise  data  may  well  be  the  poorest  choice 
for  trying  to  make  such  a  judgment  because  of  the  difficulty  of  trying  to  assure 
repeatability  for  those  physical  parameters  which  can  be  controlled  as  well  as 
repeatability  of  the  atmospheric  parameters  which  can  be  measured,  not  controlled. 
Pernet^**,  in  a  review  of  aircraft  noise  propagation  literature  for  the  National 
Physical  Laboratory,  has  described  measuring  techniques  which  should  be  improved 
in  order  to  make  better  use  of  aircraft  noise  measurements  for  understanding 
aircraft  noise  propagation  phenomena. 

Mueller  and  Hilton  conducted  an  an.ilysis  similar  to  that  described  above 
using  data  extracted  from  the  same  series  of  DC-9  tests  In  1974  at  Fresno  Air 
Terminal  and  at  Yuma  International  Airport.  They  considered  adjustments  to 
sound  pressure  levels  obtained  during  tests  under  three  different  test  conditions 
at  Fresno  [none  of  which  was  among  those  analyzed  here]  and  to  found  pressure 
levels  obtained  at  Yuma  under  nearly  constant  temperature  and  humidity  conditions. 
The  Yuma  tests  were  considered  to  represent  reference  data.  Because  of  background 
noise,  they  had  no  data  in  the  bands  from  5000  to  10,000  Hz. 

They  used  absorption-loss  models  of  SAE  ARP866A  and  ANSI  SI. 26-1978.  An 
undefined  "bandwidth  correction  procedure"  was  developed  and  used  with  the  model 
of  ANSI  SI. 26-1978  to  give  a  quasi  band-integration  procedure  for  calculating 
an  adjustment  factor  from  test-to-ref erence  conditions. 

Mueller  and  Hilton  concluded  that  the  method  based  on  ANSI  SI. 26-1978  gave 
results  closer  to  the  measured  reference  data  than  did  the  method  based  on 
SAE  ARP866A.  They  also  concluded  that  an  adjustment  method  using  a  layered- 
atmosphere  analysis  gave  results  closer  to  the  measured  reference  data  than 
the  method  based  on  using  only  meteorological  data  measured  at  a  height  of 
10  meters. 

The  study  reported  here  does  not  provide  any  fundamental  data  for  assessing 
the  validity  of  the  atmospheric-absorption  model  of  ANSI  SI. 26-1978  over  that 
in  SAE  ARP866A.  The  study  does  provide  data  that  can  be  used  to  evaluate  the 
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magnitude  of  the  differences  in  rest-Ln-rcference-day  hand- level  adjustment 
factors  and  the  resulting  changes  In  I’Nh,  PNLT,  Hl’Nl,,  AI.,  and  SEL. 

Figure  36  presents  a  comparison  of  the  sound  pressure  levels  calculated 
for  the  25*’  C,  70 -percent-relative-humidity  acoustical  reference  day  according 
to  procedures  (2)  and  (3'  for  runs  358  and  272.  Procedures  (2)  and  (3)  both 
used  sound-path  weather.  Procedure  (2)  used  SAE  ARP866A.  Procedure  (3)  used 
ANSI  SI. 26-1978. 


For  the  relatively  short  propagation  distances  at  the  time  of  I’NL'fM  for 
tliesc  runs,  tlie  differences  between  the  spectra  for  the  two  runs  In  Fig.  36 
are  not  conslH  d  significant  for  band  center  frequencies  at  and  below  3150  il?,. 
Differences  between  the  spectra  in  the  four  bands  from  5000  to  10,000  \\z  are 
considered  to  be  significant  in  that  they  illustrate  the  influence  of  the  two 
atmospheric-absorption  models. 

If  all  other  factors  Involved  in  a  measurement  of  aircraft  noise  (engine 
power  setting,  airspeca,  propagation  distance,  sound  emission  angle,  wind, 
atmospheric  turbulence,  and  so  forth)  are  equal,  then  a  referenoe-day  spectrum 
calculated  from  one  set  of  test-time  data  should  be  the  same  as  another  rsfev- 
cHcy-J-day  spectrum  calculated  from  another  set  of  test-time  data.  This  rationale 
was  the  basis  for  comparing  the  ref arence-day  spectra  from  runs  358  and  272  in 
Fig.  36.  The  other  factors  were  as  close  ns  the  avniiable  data  permitted. 

Therefore,  on  that  bnals,  the  atmospheric-absorption  adjustment  procedure 
th.it  yielded  tha  smallest  set  of  differences  between  the  two  refcrence-d.ay 
spectra  could  be  considered  superior  to  other  adjustment  procedures.  I'or  the 
four  bands  from  5  to  10  kHz,  Inspection  of  the  data  plotted  Fig.  36  shows 
a  closer  grouping  of  the  referencc-d.iy  band  levels  by  procedure  (3)  [Fig.  36(b)] 
than  by  procedure  (2)  [Fig.  36(a) j.  The  evidence  indicates  a  preference  for  the 
atmosplierlc  absorption  model  of  ANSI  Si. 26-1978  over  that  in  SAE  ARP866A.  Because 
of  the  relatively  short  propagation  distances,  the  differences  shown  in  Fig.  36. 
between  tlie  two  procedures  were  not  large  although  they  appear  to  be  consistent. 
The  trends  agree  with  those  observed  by  Mueller  and  Hilton^ 

The  reference-day  sound  pressure  levels  in  the  5  to  10-kHz  bands  by  pro- 
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figure  36.  lilustrr.tion,  for  DC-9-14  runs  272  and  358,  of  difference  between 
'eferencf-day  sound  preuure  levels  calculated  by  adjustment 
procedures  (2)  and  (3).  Propagation  distances  and  sound  emission 
angles  are  for  thb  time  of 
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cedure.  (2)  are,  of  course,  lower  than  those  by  procedure  (3)  because  of  the 
use  of  the  lower  bandedge  frequency  to  represent  the  absorption  over  the  band. 
The  higher  levels  in  the  5  to  lO-kHz  bands  did  not  alter  the  value  of  the 
tone-correction  factor  calculated  for  the  various  spectra  in  Fig.  36.  A  1.8-dB 
tone-correction  factor  was  calculated  for  the  reference-day  spectra  as  it  was 
for  the  corresponding  test-time  spectra,  see  Fig.  31.  The  band  producing  the 
maximum  tone-correction  factor  was  always  the  band  at  3150  Hz.  The  tone- 
corrected  perceived  noise  levels  and  the  effective  perceived  noise  levels  for 
the  reference-day  spectra  were  0.3  dB  greater  according  to  procedure  (3)  than 
procedure  (2) ,  primarily  because  of  the  higher  sound  pressure  levels  in  the 
5  to  10-kHz  bands  by  procedure  (3). 

As  the  pathlength  Increases,  the  magnitude  of  the  adjustment  factors 
would  generally  be  expected  to  increase.  The  data  analyzed  above  had  a 
pathlength  of  about  160  m.  Figure  37  shows  the  band-level  adjustment 
factors  from  run  374  for  a  pathlength  of  about  369  m.  The  results  are  similar 
to  those  shown  in  Fig.  35  except  that  (1)  the  first  low-frequency  band  with 
nonzero  adjustments  is  now  the  125-Hz  band  instead  of  the  250-Hz  band,  (2) 
the  adjusti'ents  in  the  mid-frequency  range  have  values  which  are  more  negative 
than  any  of  the  corresponding  values  in  Fig.  35,  and  (3)  the  high-frequency 
adjustments  are  larger  (more  positive).  There  are  no  data  for  the  band  at 
10,900  Hz  because  the  test-time  sound  pressure  levels  In  that  baud  were 
missing  and  hence  no  reference-day  sound  pressure  levels  were  calculated. 

For  the  high-frequency  bands,  the  methods  of  procedures  (1)  and  (2) 
again  showed  that  the  use  of  meteorological  data  at  a  height  of  10  m  consis¬ 
tently  produced  smaller  adjustments  than  the  use  of  meteorological  data  along 
the  sounci  path.  The  kink  that  was  observed  for  the  results  in  Fig.  35  in  the 
slope  of  the  adlus*-- 'tnt  factors  between  the  bands  at  4000  and  5000  Hz  for 
procedures  (1)  and  (2)  us  r.g  the  model  of  SAE  ARP866A  is  also  evident  in  Fig. 
37. 

In  Fig.  35,  there  was  no  difference  between  adjustment  factors  calculated 
by  the  band- integration  method  of  procedure  (3)  and  the  band-center  frequency 
method  of  procedure  (4)  except  for  the  very  high-frequency  bands  where  the 
spectral  slope  was  quite  steep.  For  runs  358  and  374,  the  smaller  adjustments 
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Figure  37. -Band  sound-pressure-level  adjustment  factors  at  the  time  of  PNLTM^..^ 
and  of  ALM^g,^  for  DC-9-14  run  374,  PD  =  369.4  m.  l//  =  1 13.1°. 


by  the  band-integration  method  were  first  noted  in  the  8000-Hz  band.  For  run 
272  in  Fig.  35(c) ,  the  smaller  adjustments  by  the  band-integration  method  were 
first  noted  in  the  6300-Hz  band.  For  run  374  in  Fig.  37,  the  even-more- 
steeply-sloped  high-frequency  spectrum  of  the  noise  signal  after  propagation 
over  the  longer  pathlength  caused  the  center-frequency  method  to  produce  larger 
adjustments  than  the  band-integration  method  starting  in  the  4000-Hz  band. 

The  largest  difference,  however,  was  about  0.5  dB  in  the  8000-Hz  band  where 
the  slope  of  the  test-time  spectrum  was  -8  dB/band. 

The  reference-day  sound  pressure  levels  calculated  for  run  374  can  be 
used  to  obtain  additional  insight  into  the  relative  differences  between  the 
atmospheric  absorption  models  of  SAE  ARP866A  and  ANSI  SI. 26-1978.  During  the 
analysis  of  data  acquired  from  a  noise-certification  test  program,  it  is  often 
required  that  the  reference-day  results  be  further  adjusted  for  propagation- 
pathlength  differences  that  stem  from  the  actual  airplane  flight  path  not 
being  equal  to  the  flight  path  calculated  for  the  airplane  under  the  speci¬ 
fied  reference  conditions.  Thus,  it  is  often  necessary  to  include  an  addi¬ 
tional  adjustment  factor  for  propagation  over  shorter  or  longer  pathlengths. 
Adjustment  of  a  sound  pressure  level  spectrum  to  a  longer,  or  shorter,  propa¬ 
gation  distance  is  also  required  when  generating  predictions  of  aircraft 
noise  levels  at  large  distances,  as,  for  example,  in  determination  of  the 
data  base  for  calculations  of  the  locations  of  contours  of  aircraft  noise 
exposure  around  airports. 

Comparisons  of  aircraft  noise  spectra  at  different  distances  should  be 
made  at  the  same  sound  directivity  angle  because  the  spectrum  can  change  rela¬ 
tively  rapidly  with  angle.  For  the  data  available  for  analysis,  reference-day 
spectra  were  only  produced  for  two  sound  emission  angles  (i.e.,  for  two  times). 
The  angles  were  those  associated  with  the  time  of  occurrence  of  PNLTM^^^^ 

and  ALM  .  For  run  374,  the  two  maximum  values  both  occurred  at  an  angle  of 
test 

113.1®.  For  the  three  runs  at  the  shorter  distance  and  at  the  power  setting 
used  for  run  374  (namely,  runs  358,  378,  and  272),  the  angle  at  the  time  of 
PNLTM^  ^  was  less  them  the  angle  at  the  time  of  ALM  .  From  Table  5(b), 
we  see  that  runs  358  or  378  could  be  used  to  provide  data  at  an  angle  close 
to  the  113.1®  angle  of  run  374.  For  run  358,  the  emission  angle  at 
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was  110.5®,  for  run  378  it  was  115.8*.  We  chose  run  358  t  provide  a  spectrum 
to  compare  with  run  374  because,  as  shown  in  Fig.  35,  the  test-time  meteorolo¬ 
gical  conditions  were  closer  to  those  for  an  acoustical  reference  day  than 
were  those  for  run  378. 

Figure  38  shows  the  measured  test-time  and  the  calculated  reference-day 
spectra  for  runs  358  and  374.  The  results  obtained  using  the  model  of  SAE 
ARP866A  are  presented  in  Fig.  38(a);  those  obtained  using  ANSI  SI. 26-1978  are 
shown  in  Fig.  38(b).  The  generally  similar  appearance  of  the  spectra  from 
the  two  runs  is  another  indication  of  the  good  reproducibility  of  the  data 
from  these  1974  FAA/NASA  flyover  noise  tests. 

For  constant  directivity  angle,  the  process  of  extrapolating  a  sound 
pressure  level,  in  sone  band  of  frequencies,  from  distance  Sj  from  the  source 
to  a  larger  distance  S2  can  be  represented  analytically  by 

L2  “  Lj  -  20  log  (82/si)  -  A  (93) 

ct 

where  the  -20  log  (S2/81)  term  accounts  for  inverse-square  divergence  loss 

under  the  assumption  that  sound  waves  spread  spherically  outward  from  an 

effective  acoustic  source  and  the  A  term  accounts  for  losses  resulting  from 

a 

atmospheric  absorption. 


For  propagation  outward  from  a  source,  the  atmospheric-absorption-loss 
term  for  sound  analyzed  by  ideal  filters  can  be  represented  by  the  following 
general  expression* 


-10  log 


[exp 


i~j 2a  ds) ]  df 


■1/ 


^R1 


]} 


(94) 


where,  as  before,  represents  the  pressure  spectral  density  of  the  sound  as 
a  function  of  frequency  at  a  receiver  location  at  distance  sj  and  a  Is  the 
atmospheric  absorption  coefficient  as  a  function  of  frequency.  The  coefficient 
a  in  Eq.  (94)  has  units  of  nepers/meter  for  distances  in  meters. 


*See  Eq.  (A2)  of  Ref.  2. 
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Figure  38.-Sound-preuure-level  spectra  for  test  and  reference  meteorological 
conditions  from  DC-9-14  runs  358  and  374  at  nearly-equal  sound- 
emiuion  angles  but  different  propagation  distances. 


Over  the  frequency  range  of  the  filter  from  fj^  to  f^,  evaluation  of  the 
Integral  In  the  numerator  of  Eq.  (94)  requires  a  separate  evaluation  at  each 
frequency  of  the  Integral  In  the  exponent  of  the  exponential  term  because  the 
absorption  coefficient  a  is  also  a  function  of  temperature,  pressure,  and 
humidity  and  those  meteorological  parameters  may  not  be  constant  along  the  path 
from  distance  si  to  distance  82*  Evaluation  of  the  integral  over  the  path 
from  sj  to  82  for  the  exponential  term  requires  knowledge  of  the  variation  of 
temperature,  pressure,  and  humidity  as  a  function  of  distance  along  the  path. 

In  practice,  the  path  would  be  divided  into  segments  over  which  average  condi¬ 
tions  were  known  and  the  integral  would  be  replaced  by  a  summation  as  done 
for  Eqs.  (80)  and  (81). 

If  the  meteorological  conditions  were  constant  over  the  path  (as  they  are 
iur  the  acoustical  reference-day  conditions  in  the  current  version  of  FAR  36) 
then,  as  for  Eq.  (21),  the  absorption-loss  expression  of  Eq.  (94), 
for  constant  reference  conditions,  becomes 


where  (sz  “  si)  is  the  pathlength  and  0.^^^  is  the  absorption  coefficient  for 
constant  reference  meteorological  conditions  in  units  of  decibels/meter  as  a 
function,  now,  only  of  frequency. 


As  a  further  simplification,  if  the  sound  is  a  pure  tone  at  some  frequency 
between  f^.  and  or  if  the  absorption  loss  is  being  calculated  by  treating  the 
pressure  spectral  density  of  a  broadband  sound  analyzed  by  a  bandpass  filter 
as  though  it  were  a  pure  tone  sound,  then  Eq.  (95)  reduces  to 


A  r  ■  (a  r)(82  -  si) 
a, ref  ref 


(96) 


where  Is  at  some  frequency  within  the  frequency  band  associated  with  A^ 
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Because  the  method  of  SAE  ARP866A  uses  a  single  frequency  to  approximate 
the  absorption  loss  over  a  frequency  band,  Eq.  (96)  was  used  to  approximate  the 
absorption-loss  term  in  Eq.  (93).  For  constant  reference  conditions  along  the 
sound  path,  the  general  expression  in  liq.  (93)  thus  becomes 


^2, ref  “  ^l,rcf 


20  log  (S7/S1) 


(a^^j.)(s?  -  si)/100] 


(97) 


where  a  factor  of  100  has  been  introduced  in  the  absorption-loss  term  because 
now  has  the  more-convenient  units  of  dB/(100  m)  instead  of  dB/m. 

The  use  of  the  format  of  Eq.  (97)  to  project  a  spectrum  from  one  distance 
to  a  larger  distance  permitted  a  direct  comparison  of  the  two  atmospheric  absorp¬ 
tion  models  as  well  as  the  different  methods  (as  used  in  procedures  (2)  and  (4)] 
of  approximating  the  absorption  losses  for  the  1/3-octave  bands  with  center  fre¬ 
quencies  from  5000  to  10,000  Hz. 

For  the  sound  pressure  levels  in  Eq.  (97),  we  take  the  spectra 

shown  in  Fig.  38  for  run  358  as  calculated  for  reference  conditions.  Equation 
(97)  was  used  to  project  the  reference-day  sound  pressure  levels  of  run  358 
to  the  369. 4-m  distance  of  run  374.  The  difference  between  the  sound  pressure 
levels  projected  using  run  358  data  and  the  data  calculated  for  run  374  is 
then  a  measure  of  validity  of  the  extrapolation  proceduie.  If  there  is  no 
difference  between  the  U  /els  projected  from  run  358  and  those  calculated  for 
run  374,  then  the  extrapolation  method  is  capable  of  duplicating  the  data  at 
the  larger  distance.  Negative  values  fur  the  difference  mean  that  the  extra¬ 
polation  from  run  358  underpredicted  the  levels  from  run  374,  and  oiae  versa. 

The  differences  retween  the  bend  level.'--  projected  from  run  358  and  those 
from  run  374  are  shown  In  Fig,  39  as  a  function  of  band  center  frequency.  The 
inverse-square  divergence-loss  term  was  a  constant  7.1  dE  from  16.3.2  to  369.4 
meters. 
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The  results  in  Fig.  39  are  shown  only  for  band  center  frequencies  from  800 
to  8000  Hz.  No  data  were  available  for  run  374  at  10,000  Hz.  There  was  no  dif¬ 
ference  between  the  two  adjustment  procedures  for  frequencies  at  and  below  800  Hz. 

The  general  trend  shown  by  the  results  in  Fig.  39  is  for  the  band  levels 

projected  from  the  163. 2-m  distance  of  run  358  to  the  369. 4-m  distance  of  run 
374  to  be  about  2  dB  lower  than  those  of  run  374.  The  differences  in  the  lower- 
frequency  bands  from  100  to  630  Hz  agreed  with  this  trend  but  ranged  from  +1.0 

to  -3.8  dB.  The  larger  scatter  in  those  bands  was  attributed  to  differences 

caused  by  variations  in  the  Interference  effects  resulting  from  ground  reflec¬ 
tions  In  the  measured  test-time  spectra  for  the  two  runs. 

The  reasons  the  levels  projected  from  the  169. 2-m  distance  for  run  358  were 
approximately  2  dB  lower  than  those  of  run  374  over  the  spectrum  from  the  100  to 
the  6300-Hz  bands  are  not  known.  On  the  basis  of  the  engine  and  airplane  data 
listed  in  Table  4,  the  strength  of  the  noise  at  the  source  should  have  been  nearly 
the  same  for  the  two  runs.  The  accuracy  of  the  photographic  technique  for  deter¬ 
mining  height  overhead,  however,  is  about  ±5  to  +10  percent.  The  accuracy  of  the 
time  synchronization  between  the  taking  of  the  photograph  and  the  recording  of  the 
noise  signal  could  also  account  for  some  of  the  2-dB  difference.  If  the  height  at 
overlicad  for  run  374  was  too  large  by  10  percent  while  that  for  run  358  was  too 
short  by  5  percent,  then  the  inverse-square- loss  term  would  have  been  approximately 
1.3  dB  smaller  and  the  across-the-spectrum  difference  would  have  beer,  reduced  to 
about  0.7  dB.  The  small  difference  in  sound  emission  angle  might  be  able  to  account 
for  another  0.2  dU  of  the  difference  because  of  the  difference  in  the  directivity 
of  the  noise  at  the  source. 

The  most-striking  and  principal  feature  of  the  results  in  Fig.  39  is  tne 
gross  difference  in  the  trends  shown  for  the  5000,  6300,  and  8000-Hz  bands.  The 
method  of  procedure  (4)  based  on  the  model  of  ANSI  Sl.26-197d  produced  band-level 
differences  for  those  band.?  wh.ich  were  consistent  with  the  trends  observed  at 
lower  frequencies. 


4 


I 


■ 

i- 

I 


I 


176 


I  .  f 

4 


-  20  LOG  (36S.4/ 163.2) 


8 

g 


I 


800  1000  1250  1600  2000  2500  3150  4000  5000  6300  8000  10,000 


1/3  0CTAVE  BAND  CENTER  FREQUENCY,  Hz 


Figure  39. -For  nominally  equal  lound'emission  angles  (110.5*^  and  113.1^),  illustration 
of  affect  of  choice  of  atmospheric-absorption  model  on  ability  to  extrapolate 
reference-day  SPLs.  Comparision  of  differences  between  reference-day  SPLs 
from  run  358  at  163.2  m  extrapolated  to  369.4  m  and  reference-day  ^Ls 
at  369.4  m  from  run  374. 


I 


I 


177 


The  larger  negative  value  for  the  8000-Hz  band  for  procedure  (4)  Is  attribu¬ 
ted  partly  to  the  use  of  the  band  center  frequency  instead  of  the  band-integration 
method  and  partly  (probably  mostly)  to  the  suspicion  that  the  test-time  sound 
pressure  level  for  the  8000-Hz  band  for  run  374  was  contaminated  by  power  trans¬ 
mitted  through  the  lower  stopband.  That  suspicion  is  based  on  the  shape  of  the 
liigli-f requency  part  of  the  test-time  spectrum  shown  in  Klg.  38  for  run  374.  Judging 
from  the  absorptivity  of  the  test-time  meteorological  conditions  for  runs  374  and 
358  and  from  the  roll-off  rates  for  the  shorter-distance  data  of  run  358,  the  test¬ 
time  level  indicated  for  the  8000-Hz  band  of  run  374  appears  to  be  higher  than 
would  have  been  expected. 

If  the  test-time  level  in  Che  8000-Hz  band  for  run  374  had  been  lower,  then 
the  reference-day  level  would  also  have  been  lower  and  the  difference  between  the 
level  projected  from  run  358  and  that  of  run  374  would  have  been  less  t  jgatlve 
(more  positive).  A  change  of  2  dB  in  the  8000-Hz  band  level  for  run  374  would 
have  made  the  difference  at  8000  Hz  consistent  with  the  differences  in  the  lower 
frequencies  for  procedure  (4), 

The  differences  in  the  5000,  6300,  and  8000-Hz  bands  using  the  SAE  ARP866A 
model  in  procedure  (2)  showed  an  unusual  trend  in  that  the  data  projected  from  run 
358 were  greater  than  the  reference-day  data  from  run  374  in  these  bands.  The 
levels  in  all  three  of  these  bands  would  be  larger  than  those  of  run  374  if  a 
reason  could  be  justified  foi-  making  a  1.5-dB  to  2.0-dB  net  positive  adjustment  to  all 
differences  in  i’lg.  39.  The  fact  that  the  projected  data  overpr^dict  the  reference- 
day  levels  of  run  374  is  considered  to  be  the  consequence  of  using  the  lower 
h.indcdgo  fre(iuency  in  SAE  AKP866A  to  represent  absorption  loss  over  a  band 
III  I  riM] ueiicy . 

Note  t:ii;it  the  downv'-'.rd  trend  from  the  6300  to  the  8000-Hz  bands  in  Fig.  39 
for  procedure  (2)  would  have  been  continued  as  the  steady  upward  trend  from  the 
4000  to  the  6300-Hz  bands  if  the  2 -dB  reduction  in  the  8000-Hz  reference-day 
band  level  for  run  374  wtis  proper  as  po.stuJ ated  above  in  the  explanation  of 
the  more-negative  difference  in  the  8000-Hr  band  for  procedure  (4). 


Overprediction  of  high-frequency  band  levels  when  using  the  method  of 
SAE  ARP866A  to  extrapolate  to  larger  distances  is  regarded  as  a  significant 
shortcoming  of  the  method.  If  the  process  had  been  reversed  and  the  data  of 
run  374  had  been  used  to  estimate  the  band  levels  of  run  358,  the  results  would 
have  been  reversed  and  the  method  of  procedure  (2)  would  have  underpredicted  the 
levels  of  run  358.  Errors  arising  from  the  use  of  a  single  frequency  to 
calculate  atmospheric  absorption  loss  over  a  frequency  band  were  also  pointed 
out  by  Montegani  in  Ref.  21. 

The  conclusion  here  is  that  a  band-center-frequency  or  band-integration 
method  appears  to  be  better  able  to  reproduce  high-frequency  data  measured  at 
a  longer  or  shorter  distance  than  does  the  lower-bandedge-frequency  method  of 
SAE  ARP866A.  Moreover,  for  all  bands  between  1000  and  4000  Hz,  the  method  of 
procedure  (4)  with  ANSI  SI. 26-1978  was  consistently  better  (l.e.,  produced 
band-level  differences  in  Fig.  39  that  were  closer  to  zero)  than  the  method 
of  procedure  (2)  with  SAE  ARP866A,  though  only  by  0.2  to  0.4  dB.  The  consis¬ 
tency  of  the  trend  and  the  fact  that  it  was  observed  in  each  of  the  seven  bands 
between  1000  and  4000  Hz  are,  however,  considered  to  be  significant  factors  in 
favor  of  the  use  of  the  ANSI  SI. 26-1978  model  instead  of  the  SAE  ARP866A  model 
for  atmospheric  absorption  when  adjusting  measured  test-time  sound  pressure 
levels  to  acoustical-reference-day  conditions.  Furthermore,  smaller  differences 
(i.e..  Improved  correlation)  would  be  expected  for  the  high-frequency  bands, 
where  atmospheric  absorption  effects  are  most  noticeable  and  the  spectral  slopes 
can  be  very  steep,  if  the  atmospheric-absorption  loss  were  computed  by  integra¬ 
ting  over  the  response  of  a  filter  and  if  a  procedure  were  used  to  remove  real- 
filter  effects  (i.e.,  effects  caused  by  non-ideal  filter-transmission  character¬ 
istics)  from  the  measured  test-time  sound  pressure  levels  before  adjusting  the 
data  to  acoustical-refcrence-data  conditions. 

The  procedure  for  removing  real-filter  effects  must,  however,  be  an 
approximate  one  because  there  is  no  exact  analytical  method  to  determine  ideal- 
filter  band  levels  from  real-filter  band  levels  and  the  frequency  response 
characteristics  of  the  filter.  / 

The  analysis  of  the  data  from  the  l)(:-9  flyover  noise  tests  at  Fresno  for 
propagation  pathlengths  of  about  160  and  370  m  has  yielded  certain  conclusions 
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relative  to  calculation  of  adjustment  factors  from  test-to-re Terence  meteoro¬ 
logical  conditions.  The  conclusions  were  concerned  with  (1)  the  use  of  meteoro¬ 
logical  data  at  the  10-m  height  Versue  meteorological  data  along  the  sound  path, 
(2)  the  use  of  the  atmospheric-absorption  model  of  SAE  ARP866A  verauB  that  of 
ANSI  SI. 26-1978,  (3)  the  use  of  the  band  center  frequency  to  calculate 
atmospheric-absorption  loss  vevaua  a  method  of  integrating  over  the  response 
of  a  filter  band,  and  (4)  the  need  to  account  for  real-filter  response  effects 
in  the  measured  test-time  1/ 3-octave-band  sound  pressure  levels. 

The  spectral  effects  on  which  the  conclusions  were  based  depended  on  the 
length  of  the  sound  propagation  path  and  the  absorptive  character  of  the  atmos¬ 
phere.  For  the  DC-9  runs,  the  absorptive  quality  of  the  atmosphere  was  not 
greatly  different  from  run  to  run  and  the  pathlengths  were  relatively  short. 

For  the  one  remaining  set  of  flyover  noise  data  with  meteorological  data  avail¬ 
able  along  the  sound  path  (l.e.,  that  from  the  test  of  the  Raisbeck-modif led 
Gates  Lear jet  in  run  12),  the  atmosphere  was  much  more  absorptive  and  the  1926-m 
pathlength  was  much  longer.  Differences  between  the  four  adjustment  procedures 
were  expected  to  be  larger  for  the  Lear jet  data  than  for  the  DC-9  data. 

Figure  AO  shows  the  band-level  adjustment  factors  calculated  for  the  data 
from  the  Raisbeck-Learjet  ter.t  by  the  four  alternative  procedures.  The  results 
in  Fig.  AO  apply  to  adjustment  of  the  test-time  spectrum  associated  with  both 

I’NLTtI  ^  and  ALM^  .  since  the  maximum  values  of  both  ruantities  occurred  at 

test  test. 

the  same  relative  time  (l.e.,  the  same  sound  emission  angle).  The  results  in 
Fig.  AO  are  limited  to  band  center  frequencies  from  100  to  3150  Hz  because  of 
background  noise  contamination  of  the  test-time  sound  pressure  levels  in  the 
low-  find  high-frequency  bands. 

Differences  among  the  four  alternative  adjustment  procedures  that  were 
seen  in  the  results  from  run  37A  in  Fig.  37,  in  comparison  with  the  results  for 
the  other  DC-9  runs  in  Fig.  35,  are  much  more  evident  for  the  results  in  Fig.  AO. 
The  low-frequency  band  where  the  adjustment  was  zero  for  all  procedures  was  not 
determined  ht'cause  it  was  at  a  frequency  below  the  limit  of  the  data  at  100  Hz. 

Differences  between  the  methods  based  on  SAE  ARP8f)6A  [procedures  (1)  and 
(2)1  and  the  methods  based  on  ANSI  SI. 26-1978  [procedures  (3)  and  (A)l  were 
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p«rt Jinilarly  ovldont  for  band  center  frequencieH  from  100  to  IbOO  llz.  I'roin 
100  to  400  Hz,  procedures  (3)  or  (4)  showed  positive  adjustment  factors;  between 
500  and  1600  Hz,  the  adjustments  decreased  to  relatively  large  negative  values. 
The  adjustments  by  procedures  (1)  and  (2)  were  always  negative  over  this  fre¬ 
quency  range,  but  not  as  negative  as  those  calculated  by  procedures  (3)  and 
(4).  The  same  trends  for  the  differences  between  the  two  absorption  models 
were  also  in  the  results  from  run  374  in  Fig.  37,  though  not  as  prominent  as 
in  Fig.  40.  The  differences  in  adjustment  factors  are  the  result  of  differences 
between  the  two  models  for  atmospheric  absorption  as  shown  by  the  curves  in 
Fig.  34. 


Comparing  the  results  using  procedures  (i)  and  (2),  Fig.  40  shows  that,  as 
expected,  sole  use  of  meteorological  data  measured  at  the  10-m  height  results  in 
significantly  smaller  adjustments  Chan  use  of  meteorological  data  measured  along 
the  sound  path.  The  meteorological  conditions  aloft  [see  Figs.  24(f)  and  25(c)] 
were  quite  different,  and  more  absorptive,  than  the  conditions  at  the  10-m  height. 
Since  FAR  36  requires  measurements,  at  various  times  throughout  each  test  day, 
of  the  meteorological  ondltions  of  the  atmosphere  at  various  heights  above 
ground  level,  it  would  appear  to  be  logical,  and  for  no  significcnt  increase 
in  test  cost,  to  always  use  the  meteorologic.al  conditions  along  the  sound  path 
when  computing  adjustment  factors  for  differences  in  atmospheric  absorption 
under  test  and  reference  conditions. 

Referring  again  to  Fig,  40,  the  frequency  where  the  higher-frequency  adjust¬ 
ment  factors  changed  from  negative  to  positive  was  significantly  lower  than  for 
the  shorter-pathlength  adjustment  factors  shown  in  Figs.  35  and  37,  For  pro¬ 
cedure  (2)  using  .SAK  ARP866A,  the  crossover  frequency  was  between  the  1000- 
and  1250-Hz  bands.  For  procedures  (3)  and  (4)  using  ANSI  SI. 26-1978,  ttie 
crossover  frequency  was  between  the  1600-  and  2000-Hz  bands. 

If  we  consider  just  the  methods  that  use  the  meteorological  conditions 
aloft  [procedures  (2),  (3),  and  (4)],  it  is  interesting  to  note  that  the 
adjustments  calculated  using  the  procedure  of  SAE  ARP866A  were  greater  (i.e. , 
more  positive)  than  thoce  calculated  using  the  procedure  of  ANSI  SI. 26-1978 
for  every  band  center  frequency  from  630  to  the  upper  limit  of  the  data  at 
3150  Hz.  The  effect  of  the  offset  or  kink  in  the  procedure  of  SAE  ARP866A 
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between  the  4000  and  5000-Hz  bands  is  not  evident  in  Fig.  40  because  the  uata 
terminate  at  the  3150-Hz  band.  The  adjustments  calculated  by  making  use  ■-.if 
the  SAE  ARP866A  method  (i.e.,  the  greater  absorption  losses)  were  larger 
than  those  calculated  using  the  method  o£  ANSI  SI. 26-1978  because  the  absorp¬ 
tion  coefficients  ..n  ARP866A  are  larger  at  those  frequencies  than  the  absorp¬ 
tion  coefficients  from  ANSI  SI. 26-1978  for  the  cold  and  dry  conditions  pre¬ 
vailing  at  the  time  of  the  test. 

As  a  final  observation  about  the  results  In  Fig.  40,  we  note  that  the 
difference  between  the  adjustment  factors  calculated  by  the  band- Integration 
method  of  procedure  (3)  and  the  band-center-frequency  method  of  procedure  (4) 
was  small-to-^egllglblc  for  all  frequency  bands  covered  by  the  available  data. 
The  largest  difference  was  0.5  dB  in  the  hlghest-f reqiiency  band  at  3150  llz 
wtiere  the.  test-time  spectral  slope  was  also  steepest  and  the  band-ce.ni.er-f re- 
ciucncy  metliod  probably  overestimated  the  actual  absorption  loss. 
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Effect  of  Different  Adjustment  Prooeduree  v'  '  '  'tajy  Sound  Pr^'z^ure 

Levels. -l\\e  discussion  of  the  effect  on  the  sar*  r  ■■■  nd  pressure  levels 

of  using  different  procedures  to  calculate  adj jsL..ieiiu  ‘  '  or  atmospheric 

absorption  losses  concludes  with  examination  of  the  tf„-  •  d  reference-day  sound 

pressure  levels  in  Fig.  hi  at  the  time  of  PNL'^  '  ■  Ki..  .  or  the  Raisbeck- 

t  e  s  .  r 

Learjet  data.  Only  reference-day  levels  by  p^ocedu  is  (i.i»  (iC),  and  (3)  are 
shown  because  the  levels  by  procedure  (4)  were  almost  identical  to  those  by 
procedure  (3). 

At  low  frequencies  (l.e.,  the  100  to  ^^OO-Hz  bands),  the  differences  between 
the  calculated  reference-day  sound  pressure  levels  are  noticeable,  but  not  too 
important.  The  differences  among  the  higher-frequency  sound  pressure  levels 
(i.e.,  the  500  to  3150-Hz  bands)  are  significant. 

The  relatively  small  adjustments  calculated  using  the  10-m  meteorological 
data  and  procedure  (1)  make  the  high-frequency  reference-day  spectrum  by  that 
procedure  have  an  entirely  different  shape  than  the  spectrum  determined  using 
procedures  (2)  and  (3).  The  method  of  procedure  (1)  essentially  preserves  the 
rapid  high-frequency  rolloff  of  the  test-time  spectrum.  The  absorption-loss 
adjustnent  factors  detetmined  by  procedure  (1)  are  not  considered  to  be  a  reason¬ 
able  representation  of  the  actual  losses  over  the  1926-m  pathiength  for  the  meteoro¬ 
logical  conditions  as  they  existed  ’'t  the  time  of  the  test. 

The  reference-day  sound  pressure  levels  calculated  using  procedures  (2)  and 
(3)  both  have  a  more-gradual  high-frequency  rolloff  than  the  levels  calculated 
u.sing  procedure  (.1).  The  levels  determined  using  ARP366A  are  higher  than  those 
determined  using  ANSI  SI. 26-1978  because  the  adjustment  factors  were  greater  as 
Indicated  .in  Fig.  AO. 

The  most-interesting  aspect  or  the  results  shown  in  Fig.  41  is  the  high- 
frequency  "turning  up"  of  the  reference-day  spectra  determined  by  procedures 
(2)  and  (3).  Tlie  "turning  up"  the  spectra  at  high  frequencies  is  considered 
to  likely  be  an  Incorrect  ri'.sul  t  because  the  Learjet  was  o|>erated  at  a  hif'h 
power  setting  and  the  spectrum  measured  In  the  far  field  at  an  emission  angle  of 
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135*  should  have  been  that  produced  by  broadband  Jet-nolae  sources  in  the 
exhaust  streams  from  the  two  turbojet  engines.  A  Jet>nolse  spectrum,  with  a 
maximum  occurring  between  the  200  and  31S-Hz  bands,  would  be  expected  to  decrease, 
not  increase,  at  high  frequencies  under  any  meteorological  conditions,  especially 
for  a  propagation  distance  of  1926  meters. 

The  high-frequency  "turning  up"  of  the  reference-day  sound  pressure  levels 
is  more  noticeable  for  the  levels  determined  using  procedure  (3)  than  using  pro¬ 
cedure  (2).  For  procedure  (2),  the  sound  pressure  levels  in  the  2500-  and  3150-Hz 
kinds  are  the  only  levels  that  appear  to  be  aff< ^ted  by  the  "turning-up"  phenomenon 
in  that  the  band-level  slopes  over  those  bands  did  rot  decrease  with  increasing 
frequency  as  would  be  expected  for  a  spectrum  producer  by  a  jet-noise  source.  In 
other  words,  the  level  change  from  the  1600-Hz  band  to  the  2000-Hz  band  was  -1.9  dB; 
then  from  the  2000  to  the  2500-!Iz  band  the  level  change  decreased  to  only  -2.0  dl); 
from  the  2500  to  the  3500-Hz  band  the  level  change  Increased  to  -0.9  dB  Instead  of 
decreasing.  Even  for  the  minimal  absorption  conditions  associated  with  25°  C  and 
70-percent  relative  humidity,  the  band-level  slope  should  continually  decrease 
with  increasing  frequency  for  a  pathlength  as  long  as  1926  meters. 

For  procedure  (3),  the  sound  pressure  levels  in  the  three  bands  at  2000,  2500, 
and  3150  Hz  seem  to  be  influenced  because  the  slope  of  -2.0  dB  from  the  1250  to 
the  1600-Hz  band  Increases  to  -1.6  dB  from  1600  to  2000  Hz,  increases  again  to 
-0.2  dB  from  2000  to  2500  Hz,  and  increases  again  to  +0.8  dB  from  2500  to  3150  Hz. 

Tlie  "turning  up"  is  more  noticeable  for  the  procedure  (3)  results  because  the  band- 
level  slope  actually  becomes  positive  from  the  2500  to  the  3150-Hz  bands.  The  trend 
indicated  by  the  positive  slope  Is  that  the  level  in  the  4000-Hz  band  (had  there 
been  any  test-time  data  at  4000  Hz)  would  have  been  quite  a  bit  higher  than  the 
level  in  the  3150  Hz  band,  and  so  on.  Such  a  result  would  be  considered  to  be 
ludicrous  for  a  jet-noise  source.  Such  trends  are  similar  to  those  obtained  for 
the  hypothetical  spectrum  considered  in  Section  3  for  filters  having  non-ideal 
response  characteristics  with  the  results  as  shown  in  Fig.  22. 

"Turntng  up"  of  reference-day  high-frequency  sound  pressure  levels  calculated 
ty  adjusting  measured  test-time  sound  pressure  levels  for  differences  in  atmospheric 
absorption  losses  has  been  observed  by  others,  e.g.,  see  Refs.  24  to  28.  The  reasons 
put  forward  to  explain  the  "turning  up"  of  the  reference-day  sound  pressure  levels 
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have  Included  speculations  that  atmospheric  absorption  losses  were  not  properly 
modeled,  that  meteoi ologlcal  conditions  along  the  sound  propagation  path  %rere 
not  measured  properly  or  with  adequate  resolution  and  hence  that  the  adjust¬ 
ments  from  test-ts-reference  conditions  could  not  be  expected  to  apply  to  the 
measured  test-time  sound  pressure  levels^*  or  that  the  calculated  high-frequency 
adjustment  factors  were  too  large  because  they  were  calculated  at  a  single 
frequency  that  was  too  high  to  be  representative  of  the  loss  over  the  width 
of  the  higher-frequency  bands.  The  latter  concern  is  the  reason  the  nominal 
lower  bandedge  frequency  is  used  in  SAE  ARP866A  for  the  four  bands  from  5000 
to  10,000  Hz. 

Analysis  of  DC-9  flyover  noise  data  from  the  1974  tests  at  Fresno  and 
Y:<ma  that  was  performed  by  McCollough  and  True^^  resolved  the  problem  of  a 
high-frequency  turning  up  of  the  referencc-day  opectrum  by  arbitrarily  rolling 
off  the  adjusted  spectrum  starting  in  the  4000  or  5000-Hz  bands.  The  roll¬ 
off  was  applied  after  visual  inspection  of  the  adjusted  sound  pressure  levels. 
The  rolloff  rate  appears  to  have  been  -6  dB/band  for  the  1/3-octave-band  data. 
The  difference  in  reference-day  EPNL  between  using  and  not-using  the  arbitrary 
rolloff  of  high-frequency  data  was  said  to  be  leas  than  0.5  dB  for  the  path- 
lor.gth  distances  that  were  examined. 

Calculated  values  for  the  high-frequency  sound  pressure  levels  reported 
here  have  not  included  any  arbitrary  rolloff.  Any  single  rolloff  rate  was  not 
likely  to  be  applicable  to  all  engine  power  settings  and  measurement  distances. 
Nor  would  a  single  rolloff  rate  apply  to  all  sources  of  aircraft  noise.  The 
requirement  to  inspect  each  spectrum  to  determine  the  frequency  at  which  to 
start  applying  the  rolloff  was  considered  neither  desirable  nor  compatible  with 
automated  processing  of  aircraft  flyover  noise  data  by  a  digital  computer. 

It  was  considered  that  the  cause  of  the  high-f i^quency  turning  up  of 
reference-day  spectra  should  be  determined  and  a  solution  developed  which  could 
be  used  by  a  digital  computer  when  analyzing  any  set  of  aircraft  noise  data. 

If  as  suspected,  the  fundamental  problem  was  incorrect  test-time  band  levels 
because  of  contamination  from  power  transmitted  through  the  lower  stopbands 
of  the  filters,  than  a  method  should  be  developed  to  estimate  what  the  band 
levels  would  have  been  If  the  filters  had  ideal  transmission  response  charac- 


187 


teristlcs.  Development  of  an  appropriate  method  to  accomplish  that  task  was 
not  within  the  scope  of  the  effort  reported  here. 

Effaaf-  of  Different  Adjustment  Procedures  on  fie  fere  nee -Day  EPNL  and  SEL.- 
Thus  far  we  have  discussed  the  effect  of  alternative  atmospheric-absorption 
adjustment  procedures  on  1/3-octave-band  sound  pressure  levels  and  the  maximum 
values  of  the  frequency-weighted  quantities  PNL,  PNLT,  and  AL.  We  now  turn  to 
an  examination  of  the  effect  of  the  alternative  adjustment  procedures  on  the 
time-integrated  measured  EPNL  and  SEL. 

Since  the  aircraft  noise  data  used  for  the  analyses  reported  here  had  been 
previously  acquired  and  analyzed  by  the  FAA  and  NASA  or  by  BBN  for  other  purposes, 
it  was  felt  that  it  would  be  instructive  to  compare  certain  results  obtained  from 
the  present  analyses  with  those  obtained  by  the  FAA  and  BBN.  Table  6  presents  a 
compilation  of  a  number  of  compartslons  between  the  values  of  various  quantities 
determined  from  the  present  study  (abbreviated  as  P.S.)  with  those  reported  by 
McCollough  and  True  in  Ref.  25.  Comparisons  are  shown  for  each  of  the  five  DC-9 
runs  from  the  Fresno  tests.  Except  for  the  last  two  entries,  the  comparisons  in 
Table  6  are  all  for  test-time  meteorological  conditions. 

With  the  exception  of  a  few  anomalies,  the  comparisons  in  Table  6  Indicate 
good  agreement  between  tiie  results  from  the  present  study  and  tlie  previous  results 
in  Ref.  25.  The  dlf ference.s,  in  general,  are  consistent  and  explainable. 

The  maximum  A-weighted  sound  levels,  ALM,  determined  in  the  present  study 
ar€!  all  higher  than  those  from  Ref.  25.  The  differences  range  from  O.i  dB  to 
l.B  dB  [for  run  322]  with  an  average  difference  of  0.7  dB  for  all  five  runs, 
or  O.A  dB  if  the  1.8  dB  difference  for  run  322  is  excluded. 

The  reason  for  the  differences  may  be  related  to  differing  practices  used 
during  processing  of  the  data  -  by  the  Department  of  Transportation's  Transpor¬ 
tation  Systems  Center  for  the  data  reported  by  the  FAA  in  Ref.  25  and  by  DyTec 
and  The  Boeing  Company  for  the  data^°  used  for  the  present  study. 
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The  effective  perceived  nolKc  levelH  In  the  sixth  row  in  Table  6  reflect 
the  differences  in  PNI/fM  and  duration-correction  factor.  The  differences  in 
EPNL  tend  to  be  less  than  the  differences  in  the  preceding  quantities  because 
the  more-negative  duratlon-correctJ.cn  factors  calculated  for  the  present  study 
tend  to  offset  the  higher  PNLTM  values.  There  is  no  consistent  trend  to  the 
differences  in  EPNL  because  of  variations  in  the  combinations  of  the  dlfferonces 
In  PNLTM  and  duration-correction  factor. 

The  three  quantities  following  the  effective  perceived  noise  level  in  the 
Fixth  row  of  Table  6  are  related  to  the  time  synchronization  of  the  recorded 
noise  signal  and  the  position  of  the  airplane  on  the  flight  path.  For  each 
quantity  [(1)  the  difference  between  Che  time  of  occurrence  of  PNLTM  and  the 
time  at  overhead,  (2)  the  sound  emission  angle  at  the  time  of  occurrence  of 
PNLTM,  and  (3)  the  length  of  the  sound  propagation  path  at  the  time  of  occurrence 
of  PNEIM]  there  are  significant  and  consistent  differences.  In  each  case,  the  FAA 
data  from  Ref,  25  show  later  times,  larger  angles,  and  longer  pathlengths. 

I’or  tile  data  that  were  used  for  the  present  study,  timing  data  were  initially 
reviewed  and  checked  with  NASA  personnel.  During  data  processing,  the  timing 
data  were  re-read  and  checked  by  the  Boeing  personnel  who  transcribed  the  time- 
code  recordings  from  the  original  data  tapes.  Time  code  on  the  magnetic  tape 
recordings  of  the  aircraft  noise  signals  was  read  for  each  of  the  two  sets  of 
microptiones  for  each  of  the  37  aircraft  noise  recordings  that  were  analyzed^®. 

For  each  test,  the  original  photographs  of  the  test  airplane  were  re-examined  to 
determine  the  height  at  overhead.  Several  errors  in  previous  height  calculations 
were  found  and  corrected.  Aircraft  speed  during  the  flyovers  was  determined  for 
each  test  from  the  distance  between  the  timing  cameras  and  the  time  interval. 

The  airplane  speed  from  those  calculations  was  ciiecked  against  the  airspeed 
noted  oi:  the  cockpit  log  for  each  test.  Thus,  the  timing,  airspeed,  and  height 
data  used  for  the  present  study  from  the  DC-9  tests  are  as  accurate  as  the  data- 
acquisitlon  system  permitted. 

With  regard  to  the  reported  timing  and  angle/pathlength  data.  Ref.  25 
states  that  the  data  which  were  listed  are  average  values  for  a  number  of  nomin¬ 
ally  identical  test  runs.  There  could  be  ±0.5-8  variations  In  the  calculation  of 
the  average  time  for  a  set  of  test  runs.  Reference  25  also  does  not  specify 
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the  convention  that  was  used  to  specify  a  reference  time  within  the  500-nis 
span  of  a  sample  of  data.  The  mid-point  of  the  data  span  was  used  for  the 
present  study. 

Uecause  of  Che  sensitivity  of  sound-emission  angle  and  propagation  dis¬ 
tance  to  changes  in  timing  data  for  these  flyovers  at  heights  between  150  to 
160  m,  the  relatively  small  timing  differences  caused  relatively  large  shifts 
in  the  calculated  value  of  the  sound  emission  angle  and  propagation  pathlength. 

The  layered-atmosphere  method  of  calculating  an  atmospheric-absorption  adjust¬ 
ment  factor  should  thus  have  yielded  larger  factors  for  the  longer  pathlengths 
of  the  data  reported  in  Ref.  25. 

TesC-to-reference-day  adjustment  factors,  using  SAE  ARPS66A  and  meteorologi¬ 
cal  data  at  the  surface  or  aloft  [i.e.,  procedures  (1)  and  (2)  in  the  notation 
of  the  present  study],  are  shown  in  the  final  two  rows  of  Table  6.  There  was 
no  consistent  trend  for  the  differences  between  the  values  obtained  from  the 
present  study  and  from  Ref.  25.  Adjustment  factors  from  the  present  study  were 
sometimes  larger,  sometimes  equal  to,  and  sometimes  smaller  than  those  from 
Ref.  25. 

There  should  have  been  no  difference  in  calculation  of  atmospheric  absorp¬ 
tion  since  both  sets  of  calculations  used  the  same  method.  There  might  have 
been  minor  differences  in  the  determination  of  test-time  meteorological  condi¬ 
tions.  Reference  25  showed  plots  of  vertical  profiles  of  temperature  and 
relative  humidity  for  two  of  the  five  runs  analyzed  for  the  present  study.  The 
data  in  those  plots  showed  good  agreement  with  the  corresponding  data  in  Fig.  24. 
The  meteorological  data  used  for  the  present  study  were  obtained  from  and  reviewed 
with  NASA  personnel  to  verify  and  eliminate  certain  anomalies.  For  each  aircraft 
height,  interpolations  to  derive  meteorological  parameters  applicable  to  the 
test  times  were  carried  out  for  each  of  the  37  test  runs. 

Therefore,  like  the  timing  and  height  data,  the  meteorological  data  for 
the  present  study  should  have  been  as  accurate  as  the  measuring  system  permitted 
and  should  have  been  close  to  the  data  used  In  Ref.  25.  Indeed,  the  differences, 
in  general,  were  small  and  did  not  exceed  ±0.2  dB. 
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Data  for  the  remaining  four  of  the  nine  test  cases  were  obtained  from 
BBN.  Table  7  compares  the  values  of  ALM,  PNLMi  PNLTM,  and  EPNL  calculated  by 
BBN  and  the  present  study  for  those  four  test  cases.  There  are  only  negligible 
differences  in  the  ALM  data  as  there  should  have  been  .since  the  1/ 3-octave-band 
sound  pressure  levels  were  not  re-processed  for  the  BBN  data  as  they  were  for 
the  DC-9  runs  discussed  above  for  the  comparisons  in  Table  6. 


Table  7 .-Comparison  of  test-time  quantities  calculated 
by  BBN  and  by  present  study  (P.S.)  for  data 
obtained  from  BBN. 


Quantity 

Source 

Z27 

Lear jet 

HS-748 

Beech 

ALM,  dB 

BBN 

P.S. 

m 

80.5 

80.4 

m 

PNLM,  dB 

BBN 

P.S. 

mwwnm 

IIIW 

90.5 

89.8 

PNLTM,  ciB 

BBN 

P.S. 

UESI 

91.5 

90.2 

95.0 

91.7 

93.7 

92.2 

EPNL,  dB 

BBN 

P.S. 

110.0 

110.3 

KEEHI 

91.0 

88.2 

89.1 

87.8 

The  BBN  data,  as  suppJ.ied  to  us,  were  not  processed  to  remove  background 
noise  contamination.  For  our  analysis  of  the  four  sets  of  data  from  BBN,  we  identifed 
an  appropriate  set  of  1/3-octave-band  sound  pressure  levels  to  represent  background 
noise  levels  for  each  run.  Data  representing  aircraft  noise  signals  were  then 
obtained  by  making  use  of  Eq.  (47)  to  remove  the  contaminating  effects  of  background 
noise. 

Differences  in  the  sound  pressure  levels  caused  by  removal  of  background  noise 
contamination  an  considered  to  be  the  reason  for  the  0.2  to  0.7-dE  lower  PNLM 
values  shown  in  Table  7  for  the  present  study. 

Differences  in  the  values  of  PNLTM  in  Table  7  are  attributed  partly  to  the  lower 
values  of  sound  pressure  level  (and  hence  perceived  noise  level)  and  partly  to  the 
fact  that  the  calculations  of  tone  corrections  for  the  present  study  started  in  the 
800-Hz  band  while  those  calculated  by  BBN  appear  to  have  ^itarted  in  cue  80-Hz  band 
and  thus  Included  ground-reflection  effects  as  well  as  spectral  peaks  at  the  funda- 
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menLal  and  liarmoiiLcsi  ot  thu  propeller  biadc-pass In^  frequency  for  the  HS-7A0 
and  Beech  Debonair  data. 

Differences  in  EPNL  in  Table  /  reflect  differences  in  sound  pressure  levels, 
perceived  noise  levels,  tone-correction  factors,  nnd  duration-correction  factors. 
The  differences  are  considered  to  be  consistent  with  the  above  o-xplanations  for 
the  differences  in  perceived  noise  levels  and  tone-correction  factors. 

The  various  comparisons  in  Tables  6  and  7  have  established  the  credibility  of 
the  results  of  the  present  study  and  of  the  basic  methods  used  to  analyze  the 
aircraft  flyover  noise  data.  For  the  nine  test  cases  that  were  studied, 

Tablec  8  and  9  list  the  test-time  and  reference-day  values  for  the  various 
frequency-weighted  and  time- integrated  quantities  of  Interest.  Results  are 
listed  for  each  of  the  four  atmospheric-absorption  adjustment  procedures. 

The  data  in  Table  8  are  for  the  six  runs  for  which  vertical  profiles  of 
meteorological  parameters  aloft  were  measured,  i.e.,  the  five  DC-9  run*?  and 
the  Loarjet  run.  The  data  in  Table  9  are  for  the  three  runs  (727,  HS-7A8, 
and  Beech  Debonair)  for  which  vertical  profiles  of  the  meteorological  parameters 
were  not  measured  and  only  surface  data  were  available.  The  data  in  Table  9 
are  shown  here  for  the  record;  the  reference-day  data  in  Table  9  are  essentially 
the  same  for  all  adjustment  methods  because  the  meteorological  parameters  mea¬ 
sured  near  the  ground  had  to  be  assumed  to  apply  all  along  the  sound  path.  The 
results  in  Table  9  will  not  be  discussed  further. 

The  data  in  Table  8  corroborate  the  trends  illustrated  by  the  previous 
discussion  of  the  effects  of  the  different  adjustment  procedures  on  the  1/3- 
octave-band  sound  pressure  levels.  The  changes  in  EPNL  should  be  the  eame  ss 
the  changes  in  PNLT  since  the  duration-correction  factor  was  assumed  to  be  the 
same  under  reference-day  conditions  as  it  was  under  test-time  conditions. 
Similarly,  the  changes  In  SEL  should  be  the  same  as  the  changes  in  AL. 

For  the  shorter  sound-propagation  pathlengths,  the  tone-correction  factors 
were  approximately  the  same  under  reference-day  conditions  as  they  were  under 
test-time  conditions.  For  the  two  runs  with  moderate  and  long  pathlengths 
(DC-9  run  374  and  Learjet  run  12),  the  tone-correction  factor  under  reference- 
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Table  8. -Summary  of  frequency-weif'hted  and  time-integrated 
noise  levels  for  DC-9  and  Lear jet  test  cases  where 
meteorological  data  aloft  were  measured. 


Test-time  or  tef.-day  levels 

PNL, 

PNLT, 

TCP, 

EPNL, 

~ 

AL, 

SEL, 

for  indicated  run  number 

dB 

dB 

dB 

dB 

dB 

dB 

DC-9,  ru)'  272,  test  time 

108.3 

110.1 

1.8 

104.7 

93.7 

98.9 

adj .  proc.  1 

109.3 

111.1 

1.8 

105.7 

94.4 

99.6 

adj .  proc .  2 

109.4 

111.2 

1.8 

105.8 

94.5 

99.7 

adj.  proc.  3 

109.7 

111.5 

1.8 

106.1 

94.8 

100.0 

adi.  proc.  4 

109,7 

111.5 

1.8 

106.1 

94.8 

100.0 

DC-9,  run  322,  test  time 

109.2 

109.8 

0.6 

102.9 

94.9 

97.7 

adj.  proc.  1 

109.4 

109.9 

0.5 

103,1 

95.1 

97.9 

adj.  proc.  2 

109.4 

110.0 

0.6 

103.1 

95.1 

97.9 

adj.  proc.  3 

109.8 

110.3 

0.5 

103.4 

95.5 

98.3 

adi •  proc .  A 

109.8 

110.3 

0.5 

103.4 

95.5 

98.3 

DC-9,  358,  test  tim.e 

110.2 

112.0 

1.8 

106.0 

95.4 

100.1 

adj .  proc .  1 

109. 

111.9 

2.0 

105.9 

95.3 

100.0 

adj.  proc.  ? 

110.0 

111.9 

1.9 

106.0 

95.4 

100.1 

adj.  proc.  3 

110.3 

112.2 

1.9 

106.3 

95.7 

100.4 

adj.  proc.  4 

110.3 

112.2 

1.9 

106.3 

95.7 

100.4 

DC-9,  run  374,  test  time 

101.2 

102. 5 

1.3 

98.6 

87.2 

93.6 

adj.  proc.  1 

101.6 

102.7 

1.1 

98.8 

87.3 

93.7 

adj,  proc.  2 

101.6 

102.7 

1.1 

98.9 

37.3 

93.7 

adj .  proc .  3 

102  ^ 

103.2 

1.2 

99.3 

87.5 

93.9 

ad.i .  proc .  4 

102.1 

103.2 

1.1 

99.3 

87.6 

93.9 

nC-9,  run  378,  test  time 

109.6 

111.1 

1.5 

105.6 

95.1 

99.7 

adj.  proc.  1 

110.0 

111.5 

1.5 

105.9 

95.5 

100.0 

adj.  proc.  2 

110.0 

111. 5 

1.5 

105.9 

95.5 

100.1 

adj.  proc.  3 

110.3 

111.8 

1.5 

106.2 

95.9 

100.4 

adj.  proc.  4 

110.3 

111.8 

1.5 

106.2 

95.9 

100.4 

Learjet,  run  12,  test  time 

89.8 

90.2 

0.4 

89.4 

80.4 

90.6 

adj .  proc .  1 

89.7 

90.0 

0.3 

89.2 

80.0 

90.2 

adj.  proc.  2 

90.7 

90.9 

0.2 

90.1 

80.5 

90.7 

adj.  proc.  3 

90.5 

90.7 

0.2 

89.9 

79.7 

89.8 

adj.  proc.  4 

90.5 

90.7 

0.2 

89.9 

79.7 

t’9.9 

^Reference-day  duration  factors  for  EPNL  and  SEL  are  not  tabulated  here 
because  they  are,  by  definition,  the  same  as  the  test-time  duration 
factors  (at  least  to  +  0.1  dB  from  rounding). 
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day  conditions  was  always  0.1  to  0.2  dB  smaller  than  i  '  under  test-time 
meteorological  conditions.  In  determining  the  effective  ,/ercelvod  iioIkc  level, 
the  smaller  tone-correction  factors  for  those  larger  pathlengths  teiuleii  li>  ollset 
the  larger  perceived  noise  levels  associated  with  the  adjusted  reference-day 
1/ 3-octave-band  sound  pressure  levels. 


Table  9. -Summary  of  frequency-weighted  and  time-integrated  noise 
levels  for  727,  HS-748,  and  Beech  Debonair  test  cases 
where  only  surface  meteorological  data  were  measured. 


Test-time  or  ref. -day  levels 
for  indicated  run  number 

PNL, 

dB 

PNLT, 

dB 

TCF, 

dB 

EPNL, 

dB 

_ 

AL, 

dB 

SEL, 

dB 

727,  run  25,  test  time. 

111.9 

112.3 

0.4 

110.3 

100.1 

108.7 

adj .  proc.  1 

111.7 

112.1 

0.4 

110.1 

99.9 

108.5 

adj .  proc.  2 

111.7 

112.1 

0.4 

110.1 

99.9 

108.5 

adj.  proc.  3 

111.7 

112.1 

0.4 

110.1 

99,8 

108.4 

adj.  proc.  4 

111.7 

112.1 

0.4 

110.1 

99.8 

108.4 

HS-748,  run  7,  test  time 

91.2 

91.7 

0.5 

88.2 

78.9 

85.5 

adj.  proc.  1 

91.1 

91.5 

0.4 

88.1 

78.8 

85.4 

adj.  proc.  2 

91.1 

91.5 

0.4 

88.1 

78.8 

85.4 

adj.  proc.  3 

91.1 

91.6 

0.5 

88.2 

78.9 

85.5 

adj.  proc.  4 

91.1 

91.6 

0.5 

88.1 

78.9 

85.5 

Beech,  run  119,  test  time 

91.9 

92.2 

0.3 

87.8 

82.7 

87.3 

adj.  proc.  1 

91.9 

92.2 

0.3 

87.8 

82.7 

87.3 

adj.  proc.  2 

91.9 

92.2 

0.3 

87.8 

82.7 

87.3 

adj.  proc.  3 

91.9 

92.2 

0.3 

87.8 

82.6 

87.2 

adj.  proc.  4 

91.9 

92.2 

0.3 

87.8 

82.6 

87.2 

I'igure  42  was  prepared  to  help  visualize  the  trends  resulting  from  the 
use  of  the  four  adjustment  procedures.  Figure  42(a)  shows  trends  for  the 
charges  in  effective  perceived  noise  level  by  plotting  the  change  in  tone- 
corrected  perceived  noise-  level,  i.e.,  from  Eq.  (46)  using 


EPNL 


ref 


EPNL 


test 


=■  PNLT 


ref 


PNLTM 


test* 


(98) 


Figure  42(b)  shows  the  trends  for  changes  in  sound  exposure  level  by  plotting 
the  change  in  A-weighted  sound  level,  i.e.,  from 
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Figure  42.-Test-to  reference  daY  adjustment  factors  by  the  four  adjustment 
procedures  for  PNLT  and  AL  for  DC-9  test  cases  (runs  272  to 
378)  and  Learjet  (run  12). 


The  primed  quantities  in  Eqa.  (98)  d  (99)  represent  the  tone-corrorLcd 
perceived  noise  levels  and  A-wel^hted  sound  levels  calculated  for  rolereiue- 
day  meteorological  conditions  from  the  spectra  corresponding  to  I’NLTM 

L  c  S  U 

and  respectively. 

Examination  of  the  data  in  Fig.  A2  provided  the  following  observations: 

(1)  The  largest  positive  adjustment  factors  we  re  those  for  DC-9  run  272 
which  had  a  pathlength  of  about  160  meters  and  which  was  flown  under  cold  and 
dry  meteorological  conditions. 

(2)  Negative  adjustment  factors  were  generally  noted  for  the  Learjet  run 
12  which  had  a  pathlength  of  about  1926  meters  and  which  was  flown  under  meteor¬ 
ological  conditions  along  the  sound  path  that  were  drier  than  those  of  DC-9 

run  272  but  not  quite  as  cold. 

(3)  Except  for  the  Learjet  run  12,  the  trends  for,  and  the  magnitude  of, 
the  changes  In  PNLT  were  very  nearly  identical  to  those  for  AL.  The  adjustment 
factors  for  the  Learjet  data  were  strongly  affected  by  the  length  of  the  path, 
the  test-time  meteorological  conditions,  the  shape  of  the  measured  spectrum  of 
the  sound  signal,  the  apparent  contamination  of  the  measured  1/ 3-octave-band 
levels  by  power  transmission  through  the  stopbands  of  the  real  filters,  and 

on  whether  it  is  tlie  change  in  PNLT  or  AL  that  was  being  considered. 

(4)  For  each  run,  procedure  (1),  which  used  only  the  meteorological  data 
at  the  10-m  height,  always  vi.\.lded  the  smallest  adjustment  factors. 

(5)  Except  for  the  Learjet  run  12,  the  use  of  atmospheric  layering  by 
procedure  (2)  produced  adjustment  factors  which  were  equal  to,  or  at  most  0.1 
decibel  larger  than,  those  calculated  using  the  surface  conditions  of  procedure 
(1).  For  the  Learjet,  the  adjustment  factor  by  procedure  (2)  was  0.9  decibels 
greater  than  by  procedure  (1)  for  PNLT  and  0.5  decibels  greater  for  AL. 

(6)  With  tlie  exception  again  of  the  data  from  the  Learjet  test,  the  use 
of  the  method  of  ANSI  SI. 26-1978  to  calculate  atmospheric  absorption  instead 
of  the  metliod  of  SAk  ARP866A  yielded  adjustment  factors  that  were  larger  by 
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UTJumi^  ^j:A;f7;iz: 


0.  l  to  O.A  deoibuls.  For  tlie  Loarjot  dala,  tlu’  ad  histiiiL'iU  lai'lor  by  prm't'ilurf 
('$)  wart  rtmallor  tlum  by  procoduro  (2)  by  0.2  dtulbols  lor  I’Nl.'l'  and  by  O.b 
doclbc'lrt  for  Ab;  tlie  dl.  rioronco  of  O.b  dit  waw  tin*  rcmili  i>i  d  1 1  I  i-ronci'n  in  lln' 
calculated  reference-day  Hpectru  aa  shown  In  Fig.  Al. 

(7)  Adjustment  factors  calculated  by  the  band-center-f requeacy  method  of 
procedure  (A)  were  identical  to  those  calcul.ited  by  the  band-integration  method 
of  procedure  (3)  with  one  exception.  That  exception  was  DC-9  run  37A  where  the 
factor  by  procedure  (A)  was  0.1  dB  greater  for  PNLT  than  by  procedure  (3). 

That  single  difference  is  not  significant  becauae  of  the  rounding  performed 
by  the  computer. 
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5.  CONCLUSIONS 


1.  The  magnitude  of  the  measured,  test-time  1 / 3-octave-band  sound  pressure 
levels  depends  on  (a)  the  spectrum  of  the  sound  at  the  source.,  (b)  the  length 

of  the  sound  propagation  patl»,  (c)  tlie  meteorologl(;al  conditions  along  the 
path,  and  (d)  tlie  response  churacterl .st Ics  of  Llie  bandpass  filters  used  to 
produce  the  measured  1 / 3-octave-band  sound  pressure  levels.  For  measurements 
made  during  an  aircraft  noise-certifi'.  atlon  test,  decisions  made  by  a  particu¬ 
lar  organization  regarding  data  acquisition  and  data  processing,  within  the 
various  options  available  under  l^AR  Part  36,  also  affect  the  measured  1/3- 
octave-band  sound  pressure  levels. 

2.  The  magnitude  and  sign  of  the  adjustments  to  the  measured,  test-rime 
1/3-octave-band  sound  pressure  levels  to  determine  equivalent  band  levels  for 
reference  meteorological  conditions  along  the  propagation  path  depend  on  the 
choice  of  analytical  model  for  the  atmospheric  absorption  of  sound  and  on 
whether  the  test-time  atmospheric  conditions  are  represented  by  meteorological 
data  measured  at  the  surface  or  aloft. 

3.  The  study  reported  here  does  not  provide  any  fundamental  data  to  assess 
the  validity  of  the  atmospheric-absorption  models  given  in  American  National 
Standard  ANSI  SI. 26-1978  and  in  SAE  Aerospace  Recommended  Practice  AR1’866A-1975 . 
However,  the  study  does  provide  data  that  can  be  used  to  evaluate  the  magni¬ 
tude  of  the  differences  in  test-to-reference-day  band-level  adjustment  factors 
and  the  resulting  changes  in  PNL,  PNLT,  EPNL,  AL,  and  SEL. 

A.  For  most  cases,  use  of  ANSI  SI. 26-1978  instead  of  SAE  ARP866A-1975 
to  calculate  atmospheric-absorption  losses  along  the  sound  propagation  path 
will  probably  yield  higher  reference-day  levels  by  an  amount  ranging  from 
zero  to  0.5  decibels.  The  maximum  increase  will  probably  not  exceed  one  decibel 
for  frequency-weighted  or  time-integrated  quantities  associated  with  the  sound 
spectra  and  meteorological  conditions  of  practical  interest  for  aircraft 
noise  certification. 

5.  However,  in  some  cases,  use  of  ANSI  SI. 26-1978  may  result  in  certifi¬ 
cation  noise  levels  which  are  lower  than  those  calculated  using  SAE  ARP866A-1975. 
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lixamplot:  of  cases  where  that  resiiLt  may  occur  Include  aircraft  that  nonerato 
sound  dominated  by  low-  and  inid-f reqi'«>ncy  acoustic  eiHTf.y.  Small<'r  Li‘st-lo- 
ruference-day  adjustment  lactors  I  rum  us  ol  ANSI  S  1 .  21)- 1 7H  will  lie  notiul 
when  the  noise  from  such,  a  soune  Is  measured  under  highly  absorptive  test-time 
atmospheric  cond I tlou;:  after  rcopaRatlon  over  a  relatively  long  path  such  as 
the  paths  occurring  at  the  takeoff  and  sideline  noise-cer ti tication  measuring 
points.  Again,  the  differences  in  certification  noise  levels  that  may  result 
from  use  of  the  different  atmospheric-absorption  nodeis  will  probably  not  be 
more  than  one  decibel. 

6.  Using  meteorological  data  measured  aloft  at  closely  spaced  height 
Intervals  produces  better  estimato.s  of  atmospheric-absorption  losses  under 
actual  test  conditions  than  does  the  assumption  that  the  meteorological  condi¬ 
tions  measured  near  the  surface  .-idefiuate  1  y  represent  coiull  lions  all  aloi’,’, 

the  length  of  the  propagation  path. 

7.  With  meteorologicai  data  measured  at  various  heights  above  ground  level 
and  an  atmospheric  layering  procedure,  the  calculated  atmospheric-absorption 
losses  over  the  sound  propagation  patli  will  produce  test-to-reference-day  adjust¬ 
ment  factors  tliat  are,  in  general,  greater  than  those  calculated  using  only 

the  meteorological  conditions  measured  near  the  surface  (e.g.,  at  a  height  of 
10  meters),  (lenerally,  the  difference  in  adjustment  factors  for  frequency- 
weighted  or  t  Ime-lntegrutcd  quantities  should  be  between  zero  and  0.5  decibels 
for  lu.'st  cases.  The  ma.ximum  difference  Is  expected  to  be  approximately  one 
decibel.  Ter  live  of  the  six  test  cases  ex.imlncd  here,  the  atmospheric-absorp¬ 
tion  .Kljustment  factors  calculated  using  the  atmospheric-layering  method  ranged 
from  zero  to  0.1  dB  greater  than  those  c.ilculated  using  only  the  surface  meleor- 
ological  conditions.  For  the  sixth  case  with  the  data  from  the  Learjet  test, 
the  dltferinice  was  0.9  dli  for  I’Nl.T  (or  EPNL)  and  0.5  dB  for  AL  (or  SEL) . 

8.  I’or  the  four  1/3-octave  b.uids  with  nominal  band-center  frequencies 
ranging  from  5000  to  10,000  Hz,  calculation  of  atmospheric-absorption  losses 

by  substituting  the  nominal  lower  bandedge  cutoff  frequency  for  the  band-center 
frequency  did  not  provide  as  good  an  estimate  of  the  actual  atmospheric-absorp¬ 
tion  losses  a.s  did  the  u.sc  of  the  band-center  frequency  for  moderately  absorp¬ 
tive  conditions  and  moderate  pathlengths. 
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9.  Except  for  measured  sound  spectra  having  very  rapid  high-frequency 
rolloff  rates  (resulting,  for  example,  from  an  aircraft  that  generates  rela¬ 
tively  little  high-frequency  sound,  or  from  measurements  made  under  very 
absorptive  conditions  or  at  long  distances,  or  a  combination  of  those  factors), 
a  band-center-frequency  method  provides  as  accurate  an  estimate  of  atmos¬ 
pheric-absorption  losses  as  does  a  band-integration  method  for  1/3-octave- 
band  sound  pressure  levels  with  center  frequencies  to  10,000  Hz. 

10.  Kor  measured  sound  spectra  with  rapid  high-frequency  rolloff  rates, 
a  band-integration  method  provides  a  more-accurate  estimate  of  the  iilgh- 
frequency  atmospheric-absorption  loss  over  tiie  lengtli  of  the  propagation  pntii 
tlian  does  tlie  band-center- f requency  method. 

11.  Test-to- reference-day  adjustment  factors  for  lilgh-f requency  sound 
pressure  levels  are  generally  larger  when  using  the  band- center-frequency 
method  than  the  band-integration  method.  The  magnitude  of  the  difference 
depends  on  frequency,  pnthlength,  and  meteorological  conditions.  Typical 
maximum  differences  (at  the  highest  band  center  frequency  for  which  data  were 
available)  were  of  the  order  of  0.5  decibel  for  the  test  cases  examined  for 
this  study. 

12.  I'or  band-center  f rtuiuenc Ics  from  500  to  2000  Hz,  the  test-to-ref er- 
t>ncc‘~day  adjustment  factors  for  the  1/ 3-octave-band  sound  pressure  levels  are 
smaller  (l.e.,  more  negative)  when  determined  using  the  method  of  ANSI  SI. 26-1978 
to  calculate  absorption  losses  than  using  the  method  of  SAE  ARP866A-1975 . 

13.  I’or  band-center  frequencies  greater  than  2000  Hz,  test-to-reference- 
day  adjustment  factors  calculated  using  the  method  of  ANSI  Si. 26-1978  are 
generally  larger  (i.o.,  more  positive)  than  those  calculated  using  the  method 
of  SAF,  AR1’866A-1975,  though  comparisons  here  are  complicated  by  the  use  of 
the  nominal  lower  bandedge  Frequency  to  calculate  the  absorption  loss  over 

a  band  in  tlie  SAF  ARI’866A  method  for  the  5000  to  10,000  Hz  bands. 

14.  because  of  finite  electrical  rejection  capability  In  the  stopbands, 
currently  available  1/3-octave-band  filters  (analog  or  digital)  can  indicate 
higher  sound  pressure  levels  than  equivalent  Ideal  filters  because  of  energy 
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through  tho  .topb«hd».  part Irular 1 y  thr  lovor  »to, . bands  tor  hLgh- 
ftequonry  bound  prnasurb  levoU.  Roal-flUbr  cflbctb  are  cnrounterbd  mobt  otu-n 
when  att»«ptln6  to  mnaburb  sound  praasurb  signals  that  havn  propagatnd  ovrr  a 
long  propagation  path  through  a  ralntively  absorptive  atmosphere  such  that  the 
high- frequency  portion  of  the  sound  pressure  spectrum  decreases  rapidly  with 
frequency.  If  the  Influence  of  real-filter  effects  Is  nol  recognlied  and  removed 
before  attempting  to  adjust  the  measured  high-frequency  sound  pressure  levels 
from  test-time  to  reference-day  conditions,  then  the  adjusted  reference-day 
sound  pressure  levels  will  be  Incorrect.  The  magnitude  of  the  error  can  be  manv 

decibels. 
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